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At that subtle moment when man glances backward over his life, 
Sisyphus returning towards his rock contemplates that series of 
unrelated actions which becomes his fate, created by him, combined 
under his memory's eye and soon sealed by his death. 	Thus, 
convinced of the wholly human origin of all that is human, a blind 
man eager to see, and who knows that the night has no end, he is 
still on the go. 	The rock is still rolling. 	I leave Sisyphus 
at the foot of the mountain 	One always finds one's burden again. 
But Sisyphus teaches the higher fidelity that negates the gods and 
raises rocks. 	He, too, concludes that all is well. 	This universe 
henceforth without a master seems to him neither sterile nor futile. 
Each atom of that stone, each mineral flake of that night-filled 
mountain, in itself forms a world. The struggle itself towards the 
heights is enough to fill a man's heart. 	One must imagine 
Sisyphus happy. 
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SLTPltFLY 
An investigation has been made into the number of rRNA genes 
and structure of the rDNA unit in the genus Brassica, using the 
techniques of rRNA/DNA hybridization and restriction enzyme analysis. 
The main findings of this study are: 
The rRNA gene number of B. cleracea is relatively low compared 
to many higher plants. 	In contrast, the closely-related B. ca.mpestris 
ssp. rapifera contains three times the rRNA gene number of B. oleracea. 
The number in B. oleracea varies ca. two-fold between different 
varieties. 	The varthticn extends to cultivars, but not to individual 
plants. 
The rRNA gene number of several B. oleracea varieties changes 
during growth and development. 
Differences in the level and extent of polyploidy were shown 
to be associated with development of different B. oleracea varieties. 
Coly limited correlations could be made between these differences and 
changes in the rRA gene number. 
L. The Hind Ill-cleaved rDNA repeat unit of B. oleracea (10500 bp) 
it la: -eo- than that of B. campestris (9800 bp). 	While the existence 
of structural similarities between the rDNA units of the two 
species, interspecific differences were found in the number and relative 
position of sites for some restriction enzymes. 
5. Analysis with Thol showed intraspecific sequence heterogeneity 
La the rDNA unit of B. oleracea and B. campestris, and this was also 
indicated from results with EcoRI. Evidence suggested that in 
B. cleracea, the proportion of the two different classes of •rDNA 
unit cleaved by ThaI, and the extent of heterogeneity shown by digestion 
EcoRI were variety, and variety and cultivar-dependent, respectively. 
Results indicated that some rDNA fragments resulting 
from digestion by EcoRI and Hae III are present as several copies 
per rDNA unit in B. oleracea and B. campestris. 
There was no evidence that differential replication of rDNA 
in tissues of B. oleracea var. acephala selected for a particular 
class of rDNA unit. 
Results obtained with B. napus ssp. rapifera are consistent 
with the known origin of B. napus as an amphidiploid of the two 
progenitors, B. oleracea and B. campestris. 
SECTION 	1: 
I N T B. 0 D U C T I 0 N 
1 
THE EUKkRYOTIC GENO? 
A striking feature of eukaryotes is the wide variation in 
nuclear DNA content within and between various groups of organisms 
(Sparrow et al., 1972; Bachman et al., 1974; Rees,  1974; Bennett 
and Smith, 1976; Hinegard.ner, 1976). 	The amount of DNA in angio- 
sperms varies from 0.2-127 picograms per haploid genome (Bennett 
and Smith, 1976), a figure defined as the C value. 	On the basis 
of the available data, Britten and Davidson (1969) showed a positive 
correlation between the minimum genome size and the evolutionary 
complexity of different classes of eukaryotes. However, different 
species within a particular class may vary 10-fold in genome size, 
and in amphibia, up to 100-fold (Britten and Davidson, 1969). 
Attempts to explain the overall lack of correlation between haploid 
genome size and evolutionary complexity, the C value paradox (Lewin, 
1974), are at pr-sent largely speculative (Sparrow and Nauman, 1976; 
Hinegardner, 1976). 
A further outstanding feature, even taking into account the 
large variation in DNA content, is that the eukaryotic genome is 
about 100-10,000 times larger than that of bacteria. 	If all this 
DNA had a gene coding function, eukaryotes would have hundreds of 
thousands to millions of genes, many more than is thought necessary, 
even given the greater overall complexity of eukaryotes compared to 
prokaryotes. 
Calculations have shown that with such a large number of genes 
the resulting mutational load would have lethal effects (Ohta and 
Kimura, 1971). 	The mutation rate from evolutionary considerations 
is much lower than that calculated from the genome size (Muller, 1 967), 
suggesting that a relatively small proportion of the genome has a 
vital coding function. 
A re-estimate of this proportion will have to be made, 
because of relatively recent findings concerning the expression of 
the eukaryotic genome. 
Up to 3/o of the eukaryotic genome is transcribed into 
heterogeneous nuclear RNA (HnRNA) (reviewed by Davidson and Britten, 
1 973). Only a small proportion of the HnRNA molecules are thought 
to be precursors to the protein-coding messenger RNA (mRNA) molecules 
found in the cytoplasm. The structural ribosomal RNA (rRNA) and 
transfer RNA (tRNA) genes are transcribed in the nucleus as large 
precursor RNA molecules, which are processed before transport to 
the cytoplasm (reviewed by Perry, 1976). 	Furthermore, several 
eukaryotic genes have been shown to be 'interrupted' by intervening 
sequences which are also thought to be transcribed (Dugaiczyk et al., 
1978). 	Thus the proportion of the genome which is transcribed must 
be considerably greater than that represented by the protein-coding 
mRNA and structural gene transcripts in the cytoplasm. 
A reasonable theory to account for the large amount of DNA 
in the eukaryotic genome is that not all of the nucleotide sequences 
are unique, and it was first shown by Britten and Kohne (1968) 
that eukaryotic genomes contain repetitive sequences. 
Repetitive DNA sequences have now been identified in all 
eukaryotes studied, constituting aproximately -80% of the nuclear 
DNA, according to the species and its phylogenetic position. 	Such 
sequences have not been found in prokaryotes, with the exception of 
the bacterial ribosomal RNA genes (Britten and Kohne, 1968; Kato 
et al., 1974). 	The repetitive DNA sequences can be grouped into 
families, the members of which may not be identical, but are closely 
related. The number of related sequences in such families may vary 
from several hundred to more than one million (Britten and Kohne, 1968). 
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Reassociation experiments with sheared, denatured eukaryotic 
DNA have demonstrated that the haploid genome may be fractionated 
into various classes of sequence. 
Fold-back seauences 
These sequences show zero order reassociated kinetics due to 
intrastrand base pairing, and consist of palindromic sequences 
300-1200 bases long (Wilson and Thomas, 1 974). 	They comprise 
4-1 0% of the haploid genome. 
Highly repetitive sequences 
Highly repetitive sequences consist of simple, short, tandemly 
repeated sequences (reviewed by Tartof, 197). 	In many cases, 
highly repetitive DNAs can be separated from the rest of the DNA 
by isopycnic centrifugation in caesium salt gradients, and are then 
called satellite DNAs (Walker, 1971; Ingle et al., 1973; Deumling 
et al., 1976). 	The simplest highly repetitive DNA sequence is the 
poly (dAT) satellite of crab (Skinner, 1967), while more complex 
sequences are represented by the satellites of mouse, guinea pig 
and higher plants (Southern, 1970, 197a; Biro et al., 197; 
Timmis and Ingle, 1977). 	The proportion of highly repetitive 
sequences varies from 2-P/o of the haploid genome and the number 
of copies is in excess of 100,000. 
Intermediate or middle repetitive sequences 
This class of sequence includes the repetitive structural genes 
for ribosomal RNA, 5 S RNA, transfer RNA and the histone genes, as 
well as sequences of unknown function. Middle repetitive sequences 
comprise 10-60 1/6 of the haploid genome, and are repeated as 100-100,000 
copies. 	The majority of repetitive sequences average about 300 bases 
in length. 
M 
L.. 	Unioue or single ocoy secuences 
This class of sequence includes the majority of the proteinooding 
genes, though the exact proportion which has a coding function is 
unknown. 	Single copy sequences comprise 20-801/o of the haploid genome 
and are found as one to several copies, with lengths of one thousand 
to several thousand bases. 
Higher plants generally contain a large proportion of repetitive 
sequences; for example those with small genomes contain an average 
of about 60%, and those with relatively large genomes, about 80% 
repetitive sequences (Flavell et al., 1974). 
In organizational terms most eukaryotic genomes, including 
those of higher plants, show the 'Xenopus pattern' of sequence inter-
spersion (Davidson et al., 1973). 	In the Xenopus pattern, most 
of the DNA is organized as short repetitive sequences (300 bases), 
interspersed among longer single copy sequences (1000-4000 bases) 
in long arrays (Davidson et al., 1974; Graham et al., 1 974; 
Rimpau et al., 1978; Walbo± and Dure, 1976). 	This type of 
organization is termed 'short period interspersion'. 	In the 
insects Drosophila melanogaster and Apis mellifera, which are 
characterized by having much smaller genomes than higher eukaryotes, 
the organization is rather different. 	Long repetitive sequences 
(6000 bases) are interspersed among single copy sequences whose 
lengths are more than 10,000 bases (Manning et al., 197; Cram 
et al., 1976 a,b; Wells et al., 1976). 	This type of organization 
is termed 'long period interspersion'. 
RIBOSOMAL RNA GENES 
The genes coding for ribosomal RNA (rENA) are the most 
intensively studied of eukaryotic genes, the main reasons being:- 
In most eukaryotes they are repeated many times; 
The transcription product of these genes, rHiTA, is relatively 
stable with an essential role in the structure and function of 
ribosomes, and is not translated into protein. 	Ribosomal RNA 
constitutes the majority of cellular RNA (85_90P/0 in higher plants, 
Timmis and Ingle, 197),  and is easily labelled with radioactive 
isotopes in vivo or in vitro. 	This allows it to be used as a 
hybridization probe to quantitatively or qualitatively detect the 
rRNA genes (Gillespie and Spiegelman, 196; Southern, 1975b). 
Only recently, with the improved techniques for isolating pure 
mRNA molecules, has it proved possible to study those unique genes 
which have a protein—coding function. 
Studies on rRA genes are useful in providing a model for the 
structure, evolution and organization of a particular family of 
repetitive sequences, and the regulation of their expression. 	However, 
the temptation to extrapolate any conclusions to other genes and 
repetitive sequences must be guarded against, firstly because the 
rRNA genes are repeated but many protein—coding genes are not. 
Secondly, the rRNA genes are transcribed but the transcription product 
has a structural role, and is not translated. 	Nevertheless, an under- 
standing of the rRNA genes is an important first step to a more 
general understanding of the organization and expression of the 
eukaryotic genome. 
The only other structural genes known to be repeated are those 
coding for 5S RNA (Brown et al., 1971), transfer RNA (Ritossa et al., 
1966) and the histone genes (Kedes and Birnstiel, 1971). 
An attempt will be made to briefly review the pertinent 
literature which has led to current knowledge of rRNA genes. 
Ribosomal RNA and ribosomes 
In all organisms, mRNA is translated into protein on ribosomes 
(reviewed by Cox, 1977). 	For convenience, ribosomes are often 
classified as being of the '70S' type, characteristic of prokaryotic 
organisms and cell organelles, and the 180S' type, found in the 
cytoplasm of eukaryotic cells. 
The large 60S subunit of the cytoplasmic 80s ribosome 
contains a 25-28S RNA of 1.3-1.7 x 10  mol. wt., to which is 
hydrogen-bonded a 5.8S molecule of ca. 50,000 mol. wt. 	Also 
associated with this subunit is a 5S RNA molecule of ca. 37,500 
mol. wt. and 38-40 ribosomal proteins. The small 40S subunit 
contains an 18S RA of 0.7 x 1O 6 mol. wt. and about 30 ribosomal 
proteins (reviewed by Leaver, 1978). 	The two high molecular weight 
rRNA molecules constitute the major single structural component of 
each subunit, and presumably their inherent conformational properties, 
together with the specifically associated ribosomal proteins, are 
the major determinants of ribosomal structure and function. 
The number of copies of rRNA genes 
There is a general increase in the number of rRNA genes with 
increasing evolutionary complexity, genomes from more primitive 
organisms tending to have a small number of genes (Birnstiel et al., 
1971). Examples of the range of variation in rRNA gene number are 
summarized in Table 1. 
Bacteria contain relatively few rRNA genes, while eukaryotes 
contain from 200-31900 copies. 	As is obvious from Table 1, plants 
have considerably more rRNA genes than animals. No satisfactory 
evidence has been put forward to provide an explanation for this 
difference. Moreover, within the higher plant kingdom there is an 
TABLE 1 
Number of copies of rRNA genes 
Data taken from Birnstiel et al. (1971) and Ingle et al. (1975). 
TABLE I 
Species 	 No. of cones/cell 
Bacterium Myscoplasm sp. 	 1 
Bacterium Escherichia coil 	 4-7 
Bacterium Bacillus megaterium 	 3-4 
Yeast (Saccharomyces carisbergenesis) 	 240 
Fungus (Neurospora crassa) 	 200 
Fruit fly (Drosophila melanogaster) 	 260 
African clawed toad (Xenorus laevis) 
- somatic 	 1000-200 
- oocyte (amplified) 	 2 x 10 
Chicken 	 370 
Rabbit 	 700-1300 
Rat 	 480-1100 
Hela cells 	 120 
No. of copies/telophase 
nucleus 
Orange (Citrus sinensis) 	 120 
Tobacco (Nicotiana tabacum) 	 2200 
Runner bean (Phaseclus coccineus) 	 4000 
Maize (Zea mays) 	 6200 
Wheat (Triticum aesuirm) 	 1 2700 
Norway spruce (Picea abies) 	 1 9300 
Larch (Larix decidua) 	 26800 
Hyacinth (Hyacinthus orientalis) 	 31900 
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approximately 2-fold range in rRNA gene number. The number has 
been found to vary between higher plant species within a genus 
(Lightfoot, 1972; Goldberg 	al., 1973; Maher and Fox, 1 973), 
and even between closely-related species with similar DNA contents 
(results in this thesis). 
Arrangement of the rRNA genes 
The chromosomal and extrachromosomal amplified copies of the 
rRNA genes of Xenopus laevis, the African clawed toad, are the most 
thoroughly investigated of any eukaryote. Brown and Weber (1968) 
and B.irnstiel et al. (1968) showed that the rRNA genes are inter-
spersed. Radioactive 28S and 18S rRNA hybridized to only one 
region of unsheared DNA fractionated on caesium chloride (CsC1) 
gradients, since the molecular weight of 6-7 x 10 
6 was sufficient to 
hybridize both rRNA molecules. 	When similar experiments were 
carried out using sheared rDNA of mol. wt. 0.3 x 1O 6 , smaller than 
the 28S r 18S genes, hybridization was to two distinct regions 
of the gradient with different buoyant densities, corresponding to 
the different G-l-C/A+T ratios of 28S and 18S rDNA. 	This interspersion 
of genes was confirmed by the same workers in analogous experiments, 
where the rRNA/DNA hybrids were formed prior to fractionation of 
the DNA on CsC1 gradients. 
Linkage of the 28S and 18s genes was shown by a further series 
of experiments (Brown and Weber, 1968). With large DNA fragments, 
after fractionation on CsC1 gradients, sequences pre-hybridized with 
unlabelled. 18S rRNA also hybridized with radioactive 28S rRNA. 
However, at a molecular weight of 1. x 10
6  and down to 0.2-0.6 x 100, 
the two classes of sequence were separated. Thus a sequence of DNA 
carrying an 18S rRNA gene also carries a 28S rRNA gene, until the 
DNA is fragmented below the size of the 18S gene. 	Similar results 
[;] 
were obtained by pre-hybridizing various sized DNA fragments with 
unlabelled 28S rR.MA, and following their ability to hybridize with 
radioactive 18s rRNA. 	From these results the most likely arrange- 
ment of rRNA genes is for 18 0, and 28S gene sequences to alternate. 
This gene arrangement was confirmed by denaturation mapping of rDNA 
under the electron microscope (Wensink and Brown, 1971). Electron 
microscopic observations of transcriptionally active rRNA genes 
isolated from nucleoli (Miller and Beatty, 1969) have shown that 
the rRNA genes are tandemly repeated, and similar observations 
suggest the arrangement of rRNA genes is the same in most other 
eukaryotes studied (summarised by Scheer et al., 1977). 
Cellular localization and clustering of rRNA genes 
The rRNA genes of X. laevis are located in the nucleolar 
organizer region (NOR) of the nucleolus (Wallace and Birnstiel, 1966; 
Birnstiel et al., 1966). 	The nucleolus is an RNA-rich spherical 
body associated with the nucleolar organizer region, a specific 
chromosomal segment. Using mutants of X. laevis, which show a 
simple Mendelian inheritance of NOR number, Brown and Gurd.on (1964) 
demonstrated the absence of rRNA synthesis in the anucleolate mutant, 
which dies at the gastrula stage. The heterozygous mutant has 
only one NOR per cell, and contains only half the number of genes 
of the wild-type (Wallace and Birnstiel, 1966). 	The deletion after 
one mutation can only be explained by clustering of the rENA genes 
at a single locus, the NOR. 	A similar location of these genes has 
been shown by a  combination of genetic and biochemical techniques 
in DrosoDhila melanogaster (Ritossa and Spiegelman, 196) and maize 
(Zea mays) (Phillips et al., 1971; Ramirez and Sinclair, 197%; 
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Doerschung, 1976). 	The technique of in situ hybidization (Gall 
and Pardue, 1969), where radioactive rENA is hybridized to chromosome 
preparations, has been used to localize the rRNA genes to the NOR 
in a wide range of eukaryotes; for example, in the mouse (Mus muscus) 
(Elsevier and B.uddle, 197), the chimpanzee (Pan trc,rlodytes) 
enderson et al., 1974), the newt (Triturus irul aris meridionalis) 
(Nardi et al., 1977) and in runner bean (Phaseclus coccineus) 
(Brady and Clutter, 1972). 	The experiments with maize localized the 
rENA genes to the nucleolar organizing body itself, while work with 
other eukaryotes placed them only in the nucleolar organizer region. 
Clustering of rENA genes is also supported by the sharp banding of 
rENA genes from many eukaryotes on the dense side of the bulk or 
mainband DNA, when fractionated on CsC1 gradients (Sinclair and Brown, 
1971; Ingle et al., 197). 
Extrachromosornal rRNA genes and exceptions to the tandem repeat 
organization 
Apart from the specialized mechanism of rENA gene amplification 
in some eukaryotes, discussed below, there are other examples of 
extrachromosomal rENA genes which may be a general feature of lower 
eiikaryotes. The macronuclear rDNA of Paramecium tetraurelia, while 
tandemly repeated, is found as extrachromosomal linear and circular 
molecules (Findly and Gall, 1978). The slime moulds Physanmi 
polycephalum (Vogt and Braun, 1976; Molgaard et al., 1976), 
Dictyostelium discoideum (unpublished data of Cockburn et al. and 
Grainger et al., cited in Findly and Gall, 1978), the ciliated 
protozoa Stylonchia mytilus (Lipps and Steinbrck, 1978) and 
Tetrahymena yr±formis (Gall, 1974; Engberg et al., 1974) all have 
extraohromosoma! rENA genes. 
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Extrachromosomal rRNA genes of Physanm, Dictyostelium and 
Tetrahymena differ from other eukaryotic rRNA genes in that they 
occur not in the typical 'head to tail! arrangement of tandemly 
repeated genes, but primarily as palindromic dimers (Vogt and 
Braun, 1976; Karrer and Gall, 1976; Engberg et al., 1976). 
However, the exception of Paramecium rB.NA genes to the above 
arrangement does not allow a complete correlation to be drawn between 
extrachromcsomal rRNA genes and the evolution of a palindrome 
structure. 
Dosage response of rR.NA gene number to the number of nuoleolar 
organizer regions 
The results with Xenopus laevis mutants showed a simple 
proportional relation between the number of rRNA genes and the number 
of NORs. Such a relationship has also been shown in Drosophila 
melanogaster (Ritossa and Spiegelman, 196). 	In higher plants, 
a proportional rRNA gene dosage response to the NOR number was 
shown in maize (Zea mays); with a NOR duplication mutant (Phillips 
et al., 1971); where the NOR number was changed by monosomy (Phillips 
et al., 1974)  or trisomy (Phillips et al., 1974; Ramirez and 
Sinclair, 197a);  by genetically increasing the dosage or portions 
of the maize NOR (Ramirez and Sinclair, 1975b; Doerschung, 1976; 
Givens and Phillips, 1976). 	A similar response was shown in other 
plants, e.g. in a polyploid series of Datura innoxia microspores 
(Cullis and Davies, 1 974); with artificially-derived Nicotiana 
haploids 0u1lis, 197a and in diploid, tetraploid and hexaploid 
varieties of wheat (Triticur aestim) (Liang et ai., 1977). 
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There are exceptions to these apparently simple relationships. 
Tetraploid species of Nicotiana did not show the expected increase 
in rENA gene number compared to diploid species (Lightfoot, 1972; 
Siegel et al., 1 973; Ingle et al., 1 975). 	The hexaploid Helianthus 
tuberosus contained not three times, but about one Quarter the rRNA 
gene number of the diploid species, H. annus. 	Timinis et al. (1972) 
found that the number of rRNA genes per NOR was proportional to 
the ploidy level in euploids of hyacinth (Hyacinthus orientalis). 
However this number was significantly lower in several aneuploids 
with the same number of NORs (three) as the triploid. This suggests 
a more complex control over rENA gene number involving non-NOR chromo- 
somes. 
Using chromosomally balanced substitution lines, with NOR 
chromosomes from several wheat varieties substituted one at a time 
into a common genetic background, Flavell and Smith (1974a) and 
Flavell and O'Dell (1976) found no unexpected changes in rENA gene 
number. However, wheat also provides the best documented case of 
non-additive behaviour. Flavell and Smith (1974a)  and Mohan and 
Flavell (1974) showed evidence for rENA genes being present in the 
NOR chromosomes 1A and 1B, with several instances of non-additive 
responses to NOR dosage. 	Flavell and O'Dell (1976) also found 
evidence for rENA genes in chromosomes 5D and 6B, with a further 
case of non-additivity. 	Liang et al. (1977) gave confirmative 
evidence for these chromosomal locations of the rENA genes, and 
showed that, of the L NOR chromosomes in chromosomally balanced 
situations, only chromosome lB displayed relatively additive 
behaviour in rENA gene number. Comparing their own results with 
those of the above workers led Liang et al. (1977) to conclude that 
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the rRNA gene number in chromosomes 1A, 6B and 5D of wheat may be 
controlled by one or more non-NOR chromosomes, and possibly, in 
addition, by the NOR chromosomes themselves. 
Whether similar mechanisms to those in hyacinth and wheat 
operate in other higher plants is open o speculation. 	It should 
be emphasized that hyacinth is atypical in having the capacity to 
withstand such chromosome imbalance (Timmis et al., 1972). 	The 
hexaploid wheat genome is also unusual, having evolved from the 
introgression of three ancestral diploid genomes (Feldman, 1976). 
Varietal and individual variation in rRNA gene number 
Intraspecific variation in rRNA gene number has been demonstrated 
by rRNA/DNA hybridization experiments comparing different varieties, 
lines or strains. Plavell and Smith (1974b) found an approximately 
2-fold variation among wheat and rye (Secale cereale) varieties. 
Similar variations have been found in lines of maize (Phillips et al., 
1971, 1974; Phillips, 1977; Ramirez and Sinclair, 197a) and 
varieties of pea (Pisum sativum) (Cullis and Davies, 197). 	Sinclair 
et al. (1974) examined L inbred stocks of the Mexican axolotl 
(Ambystoma mexicanuin). One of the stocks had about * as much rDNA 
per genome as the other three. 
Variation in rRNA gene number has been shown to extend to 
individuals within a population. Flavell and Rimpau (197) showed 
an approximately 2-fold variation in rR1IA gene number between 
individuals of each of two outbreeding rye populations, independent 
of the B-chromosome dosage. 	Maggini et al.(1978) found a 2-fold 
variation in the rDNA contents of 12 individual bulbs of an Allium ceDa 
cultivar, and a 2.-fold variation in 24 bulbs of a second cuitivar. 
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The variation in 8 individual bulbs of Allium sativum, however, was 
much smaller (20 0%,). 	There appeared to be no correlation between the 
rDNA content of Alliuxn cepa and the variation found in the number of 
nucleolar organizers (2-4), suggesting that different organizers 
contain different numbers of rRNA genes. 
Miller and Brown (1969) found a 2-fold range in the number of 
rRNA genes between 10 animals representing three groups of BuI'o marinus. 
The groups were classified according to certain characteristics of 
the chromosomal, nucleolar constrictions. 	These workers suggested, 
like Maggini et al. (1978) that there is a number of nucleolar 
organizers with different rRNA gene dosages. A 4-fold variation in 
the rDNA content of 5 individuals of the fish Salmo irideus was 
observed by Schmidtke et al. (1976). 	Experiments on 33 males frcm 
a New Jersey population of the salamander Plethodon cinereus and 20 
males from a Connecticut population showed a 7.-fold range in the 
rENA gene number inthe New Jersey population and a 2.-fold range in 
the Connecticut population (Macgregor et al., 1977). 	It was shown 
by in situ hybridization experiments that animals are often heterozygous 
for rRNA gene number on each half of the nucleolus bivalent. Taking 
into account this heterozygosity, Macgregor et al. estimated the over-
all range in rENA gene number in the New Jersey population to be 
at least 1-fold. 
Amplification of rRNA genes 
most of the stages of oogenesis in X. laeiris, the rENA 
are amplified well above the normal chromosomal level (reviewed 
by Gall, 1 969; Macgregor, 1972; Tobler, 197). 	The first 
additional rBNA synthesis occurs in both sexes when 9-16 primordial 
germ cells are present (Kalt and Gall, 197). 	The 10-L0-fold increase 
1)4 
in rRNA gene number is maintained throughout the period of 
multiplication of gonial cells, prior to meiosis. 	At meiosis, 
males lose the amplified rDNA, but in females, after a trainsient 
reduction in rDNA, a second massive amplification to 200 times the 
chromosomal level occurs, with rDNA accounting for up to 300/' of 
the total DNA. 	At this stage, amplified sequences in the oocyte 
are represented by a total of ca. 2 x 1O 6 genes, which disperse 
into ca. 100 extrachromosomal nuclei during meiotic diplotene 
(Gall, 1968; Evans and Birnstiel, 1968; Macgregor, 1968; Brown 
and Daid, 1968). 	The first and second rounds of amplification 
involve a rolling circle replication mechanism (Gilbert and Dressier, 
1968; Hourcade et al., 1 973; Rochaix et al., 1974; Bird, 1977), 
though the detailed replication events appear to differ between the 
two rounds (Bird, 1977). 
Ribosomal RNA gene amplification is not universal in animals, 
but has been observed in the newts Pleuxodeles waltii (Angelier and 
Lacroix, 197) and Tritiirus alpestris (Scher et al., 1976), in 
the water beetle genera Dytiscus and Colymbetes (Gall and Rochaix, 
1974; Trendelenburg, 197)4), the house cricket Acheta domesticus 
(Trendelenburg et al., 1976), the teleost Roccus saxatilis (Vincent 
et al., 1 969), the surf clam Spisula solidissma, and the echiuroid 
worm Urechis caupo (Brown and Dawid, 1968). 	X. laevis remains the 
best documented and characterized example of rRNA gene amplification. 
Ribosomal RNA aene magnification and compensation 
The rRNA genes of Drosophila melanogaster are clustered at 
one locus each on the X and Y chromosomes (Ritossa and Spiegelman, 
196; Wallace and Birnstiel, 1966). 	Th bobbed rhenotrpe (bb) 
results from a mutation on either sex ohrcsoe oich reduces the 
bristle size, the cuticle thickness, the growth rate and produces 
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a deficiency in rDNA (Ritossa et al., 1966). 	When an X chromosome 
is maintained opposite a Y 	 chromosome, the mutation is 
progressively corrected over several subsequent generations, both 
phenotypically, and by an increase in rRNA gene number. This 
reversion to the wild-type can be inherited by future generations, 
and is termed 'rDNA magnification'. Magnification is confined to 
germ line cells (Ritossa, 1968; Attwood, 1969; Henderson and 
Ritossa, 1970; Tartof, 1971, 1973a). 
Two different mechanisms have been proposed to explain r]DNA 
magnification. 	Ritossa (1973) showed a 20-30-fold increase in 
crossing-over frequency of the sex chromosomes of flies undergoing 
magnification. 	Ritossa's model of limited meiotic crossing-ever, 
involving formation of 'episcmal' rDNA copies, with subsequent 
circularization and integration into X or Y chromosomes at the 
rDNA locus, is supported by the observation of circular rDNA 
molecules during magnification (Ritossa, 1972; Graziani et al., 
1977). 
A series of experiments by Tartof (1973b, 1974), in which 
magnification occurred under conditions which did not allow 
crossing-over, led him to suggest that magnification is a premeiotic 
mechanism, and occurs as a result of unequal sister chromatid 
exchange at mosis. 
A sorain of yeast S. cerevisiae, monosomic for chromosome I, 
and aoking 2o3f the rRNA genes of the wild-type, is able, after 
repeated subculturing, to increase the rRNA gene dosage to the 
-1re level (Kaback et al., 1977). The organisms remained 
:.cn:s:mic for chromosome I during the increase, and a mechanim 
analogous to magnification in Drosophila may be involved. 
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Another unusual change in rRNA gene number in Drosophila 
is 'rDNA compensation'. 	If a single bobbed or wild-type X chromo- 
some is maintained opposite an X or Y chromosome deficient in 
rDNA, there is an increase in the amount of rDNA per X chromosome 
NOR. Ribosomal DNA compensation differs from magnification in 
that it is confined to X chromosome loci, to somatic cells, and 
the changes in rRNA gene number are not inherited in a stable 
manner (Tartof, 1971, 1973a,b). 	The mechanism underlying rDNA 
compensation is not understood. 
Riboscmal RNA gene amplification in plants 
No effects as striking as rDNA amplification or magnification/ 
compensation have been found in higher plants. 
Phillips et al. (1974) using maize, compared plants monosomic 
for different chromosomes, including the NOR chromosome 6, with 
disomic and parental lines, and could find no evidence for rDNA 
magnification or compensation. 	The techniques used by these 
workers could not rule out compensation in the polytene endosperm 
nuclei, such as was shown to occur in the polytene nuclei of 
Drosophila salivary gland cells (Spear and Gall, 1973). The authors 
suggested, however, given the two-fold inter-varietal variation in 
rRNA gene num'cer of this species, that "there is no need to increase 
the number of rRNA cistrons, only a need to activate existing ones". 
Chen and Osborne (1970) obtained results suggesting a loss of 
30% of the rRNA genes during germination of wheat embryos, which 
they interpreted as reflecting a 3cY/o increase during maturation of 
the embryo. 	Ingle and Sinclair (1972), however, could find no 
such evidence for changes in rRNA gene number prior to or during 
wheat and maize embryo germination. 	Fukuei et al. (197) similarly 
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found no evidence for 'instability' of rRNA genes during germination 
of Vicia faba embryos. It is possible that the results of Chen and 
Osborne were due to their use of insufficiently purified DNA. 
Lightfoot (1972) showed that the proportion of rDNA in leaves 
:1' Niootiana tabacum was twice as high as that in the seed. 	In 
Nicotiana Daninculata, a similar difference was obtained in one 
experiment, but in a second, this difference was reduced to only 
2cP/0. Lightfoot found no differences in the proportion of rDNA 
between leaves and seed. of Brassica pekinensis. 
Cullis and Davies (197) found that several varieties of pea 
had similar proportions of rDNA in the cotyledons, but one variety 
had a L% lower proportion of rDNA in the root tip. 	This suggests 
that in varieties with a low number of rRNA genes, a mechanism may 
exist to increase the number of rENA genes during growth of the 
cotyledons. The actual difference in rRNA gene number is not 
known, since a proportion of cells in the pea cotyledon have ploidy 
values up to 614C (Davies and Brewster, 197). 
The best known example of induced changes in rENA gene number 
in plants occurs in flax (Linum usitatissimum) var. Stormont Cirrus. 
By growing plants under specific environmental conditions (certain 
combinations of fertilizer, soil pH etc.), P1, the plastic 'wild—
type' genotroph can be changed to a large (L) or small (s) geno- 
troph (reviewed by Cullis, 1977). 	Both the L and S genotrophs 
are stable over many generations (Darrant, 1962, 1971). 	The L 
genotroph has about 6 1/6 more rENA genes than S (Cullis, 1975b, 1976; 
Tixnmis and Ingle, 1973, 197a), and 169/6 more nuclear DNA (Evans 
et a! 	Evans, 1568). 	P has a similar number of rENA 
genes to L and an intermediate nuclear DNA content. The differences 
in DNA content, of which the rRNA genes account for only 0.23% 
(Timmis and Ingle, 1974), involve no detectable change in the 
chromosomes (Evans, 1968), in the buoyant density or thermal 
melting behaviour of the DNA (Cullis, 1973, 197b; Timmis and Ingle, 
1973 9 1974). 	Timmis and Ingle (1974), comparing the reassociated 
kinetics of the DNA from the three genotrophs, could detect no 
changes in the proportion of any particular class of sequence, and 
concluded that induction of L and S from P1 involves a general 
increase or decrease, respectively, in a wide range of sequences. 
Callis, however, (1973, 1975b)  found evidence that induction of 
L from P1 involves a decrease in the proportion of highly repetitive 
sequences, and an increase in the intermediate repetitive fraction. 
Reversion of the quantitative nuclear DNA changes can be induced 
by subjecting L and S genotrophs to lower temperatures for the first 
few weeks of growth (Durrant and Jones, 1 971; Joarder et al., 1974). 
The majority of the difference in rRNA gene number is maintained 
during reversion, a s are the differences in plant weight (Timmis 
and Ingle, 197a). 
flax 
:arroly 
speculative (Cullis, 1977). The above results indicate that the 
:anes in rRNA gene number can occur independently of changes in 
nucar DNA content, and separate controlling mechanisms are 
probably involved. 
The relatively small changes in rRNA gene number of flax are 
largest reported in hiher plants, underlining the need for 
careful experimental procedures where possible differences are to 
be investigated and quantitated. 
Transcription and processing of rRNA genes 
Evidence from a wide varieoy of eukaryotes shows that rRNA genes 
are transcribed in the nucleolus by RNA polymerase I, (Roeder and 
Rutter, 1970; Lin et al., 197). 	Transcription from rDNA gives 
rise to large precursor molecules, the rRNA transcription units 
(reviewed by Rungger and Crippa, 1977). 
It has been shown in X. laevis (Dawid and Wella'.er, 1976; 
Reeder et al., 1976, the yeasts Saccharcrnyces cerevisiae and 
S. carlsbergensis (Trapman and Planta, 197; Kramer et al., 1978) 
and mouse (Mus musculus) (Hackett and Sauerbier, 197) that the 
polarity of trnscription is '- 3', and that the 18S gene sequence 
is transcribed before the 28S sequence. 	By extrapolation, this 
probably holds for all other eukaryotes. 	.8S rRIA has been 
mapped between the two major rRNA genes in a variety of eukaryotes 
including X. iaevis (Speirs and Birnsteil, 1974), S. cerevisiae 
(Philippsen et al., 1978; Ferguson and Davies, 1978) and mouse 
(Cory and Adams, 1977). The linear order of rRNA genes in the 
transcription unit thus reads: 	' - 185 - 5.85 - ( 2 5-28S) - 3' 
In addition to the structural gene sequences, the rRJA trans-
cription unit contains excess RNA, the 'transcribed spacer' 
sequences. The majority of these sequences are located between 
the 18S and 25-28S genes but in vertebrates are also found on the 
5' side of the 285 gene (Schibler et al., 1975). 	The excess RNA 
is deaded during the post-transcriptional processing steps, 
termed 'rRNA maturation' (reviewed by Maden, 1971; Rongger and 
Crippa, 1977). 
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The earliest detectable product of rENA gene transcription in 
mammals is a large molecule sedimenting at LS (mol. wt. 4.1 x 106). 
Experiments involving pulse-labelling, comparative RNA oligonucleotide 
( , fingerprint') analysis, secondary structure mapping and an analysis 
of the methylation patterns of the precursor, have shown that the 
45S molecule contains one complement of both 18S and 2S gene 
sequences. During processing, this molecule undergoes selective 
endo- and exonucleolytic cleavages and chemical modifications, 
primarily extensive methylation (Greenberg and Penman, 1966; Maden 
et al., 1972; Jeanteur et al., 1968; Jeanteur and Attardi, 1 969). 
It is thought that the precursor rENA is associated with specific 
proteins and that processing occurs within nascent ribosomal 
particles. Excess precursor RNA may be necessary to ensure correct 
conformation of the rRNA during methylation and assembly into 
ribosomes. A summary of LS rENA processing in Hela cells, one 
of the best documented examples, is shown in Fig. la. 
There is a variation among eukaryotes in the size of the initial 
transcription unit (Table 2). 	In mammals, birds, marsupials 
and rodents the unit is large (mol. wt. 3.9-4.4 x 106)  and 50-600/6 
is conserved during processing. 	In cold-blooded animals including 
reptiles, and in higher plants, the unit is much smaller (mol. wt. 
2.2-3.L x 106)  and 70-801/6 is conserved. 
Processing of rENA in higher plants is thought to occur on 
:ali:atively similar lines to that in mammals. 	Schemes have been 
drawn up from results of kinetic labelling experiments, base 
::::position analyses and competition hybridization (Leaver and Key, 
-';  Cox and Turnock, 1 973; Rogers et al., 1970; Cecchini and
Yisod, 1976; Rosner et al., 1973). 	The size of the precursor 
:iii±ioritIy 	•;e:i 	erer: 	eoi 	(Tali 2). 	In arrTt 
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TABLE 2 
The size of the 'ribosomal transcription unit' and rRNA 
frcm various organisms 
Data from Perry et al., 1970; Cox and Turnock, 1973; Leaver 
and Key, 1970; Rogers et al., 1970; Maden, 1971; Brown and 
Haselkorn, 1971; R:chter et al., 1976. 
TABLE 2 
Mol. wt. x 10-6 
 
Transcription 	 rRl'TA 	 % of ribosomal 
Organism 	 unit 	 Large 	Small 	transcription 
unit conserved 
Mammal (Hela) 4.4 1.75 0.70 54 
Rodent (mouse) 14.19 1.70 0.65 56 
Marsupial (potoroo) 14.19 1.70 0.65 56 
Bird (chicken) 3.92 1.61 0.63 57 
Reptile (iguana) 2.714 1.51 0.62 78 
Amphibian (frog) 2.76 1.58 0.61 79 
Fish (trout) 2.70 1.55 0.65 81 
Insect (Drosophila) 2.85 1.140 0.65 72 
Fungus (sacchoromyces cerevisiae) 2.6 - 2.3 1.30 0.72 78 - 86 
Alga (Eugleria gracilis) 14.3 	- 	2.314 1.140 0.90 53 - 98 
Higher plants 
Tobacco (Nicotinia tabacum) 2.76 1.29 0.66 71 
Pea (Pisum sativuin) 2.3 1.30 0.70 87 
Carrot (Daucus carota) 2.8 + 2.2 1.30 0.70 71 	- 91 
Artichoke (Helianthus tuberosus) 2.3 1.30 0.70 87 
Sycamore (Acer pseudoplatanus) 3.14 	+ 	2.14 1.30 0.70 59 - 83 
Muiigbea.n (Phaseolus aureus) 2.5 1.30 0.70 80 
Parsley (Petroselinum sativum) 3.0 + 2.14 1.30 0.70 66 - 83 
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root tissue discs (Dauous carota), (Leaver and Key, 1971) and cell 
suspension cultures of sycamore (Acer pseudoplatanus) (Cox and Turnock, 
1 973) and parsley (Petroselinurn satiirum) (Richter, 1973; Richter 
et al., 1976), there appear to be two initial transcription products 
of different mol. wt. 	A generalized scheme for the synthesis of 
of cytoplasmic rRNA in higher plant tissues is summarized in Fig. lb. 
It must be emphasized that there is at present considerable doubt 
whether the first detectable labelled rRNA precursor represents the 
true initial transcription product, which may, from observations of 
rRNA genes under the electron microscope, be considerably larger 
(Reeder et al., 1977; Franke et al., 1976; reviewed by Rungger and 
Crippa, 1977). 
Evolution, structure and homology of the rRNA genes 
The molecular weight of the larger (2-28S) rRNA component has 
apparently evolved in a step-wise manner, from about 1.3 x 10 in 
plants and most protozoa to 1.4 x 106  in lower animals, 1.5 x 106  in 
amphibia, and up to 1.75 x 
10  in mammals (Loening , 1968). 	It seems 
likely that these evolutionary distinctions are of functional 
significance (Maden, 1971). 	In contrast to 2 1--28S rIRNA, the 
molecular weight of 18S rRNA has been highly conserved in nearly all 
emcaryotes, falling within the range 0.6-0.73 x 10 Loening, 196 
Attardi and Amaldi, 1970). The major rRNAs of Euglena and Acantha-
moeba are unusually large (mol. wt. 1.4 x 10 and 0.9 x 10 ), and 
very unstable. 	In the former organism this may be due to its 
unique phylogenetic position. The above information is summarized in Table 
The base composition of rRNA varies considerably but the % 0-4-C 
content of 18s rRNA (1-89) is nearly always lower than that of the 
corresponding 2S-28S rRNA (47-6) (Rossi and Gualerzi, 1970; 
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Grierson and Loening, 1 974; Pa- me and Dyer, 1971; Scott and 
Ingle, 1973). 
Using techniques of homologous and heterologous hybridization, 
several studies have shown a large overall sequence homology between 
the rRNA nucleotide sequences of various eukaryotes. 	Sinclair 
and Brown (1971) showed homologies between the rRNAs of several 
plant and animal species. 	Gerbi (1976) investigated the homologies 
between rRNAs from several unrelated eukaryotes, using the techniques 
of competition hybridization and rENA 'fingerprint' analysis. The 
organisms - a unicellular dinoflagellate, three Diptera (invertebrates), 
an amphibian and a mammal - were shown to have common conserved 
regions in 18s and 285 rRNA. 	About two thirds of the conserved 
regions occur in 18s rRNA, one third in 28S rRiJA. 
A close homology has been shown between the rRNA nucleotide sequences 
of higher plants using homologous and heterologous rENA/DNA hybridization 
techniques (Matsuda and Siegel, 1967; Bendich and McCarthy, 1970). 
More detailed studies by Vodkin and Katteruian (1971) showed a 9% 
homology between rENA sequences of two dicotyledons. 	In contrast, 
the rRNAs of two monocotyledons were shown to have only 6/o homology. 
Farther studies with a wider range of monocotyledons (Maggini, 197) 
and dicotyledons (Maggini et al., 1976) confirmed and extended the 
above results. Unlike Vodkin and Katterman (1971), the latter workers 
gave no indication of the fidelity of base pairing of the rENA/DNA 
hybrids, so some of their more detailed conclusions cannot be 
substantiated. 
Sequencing studies have demonstrated the highly conserved nature 
of the 18S rRNA 3' terminus among higher plants (Oakden and Lane, 
I 	-\ 1 97 0 ). 	 agenbuchle e al. I.197o), analyzing the 3 terminal 20 
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nucleotides of 185 rRNA from the diverse organisms, wheat, a slime 
mould and mouse, found extensive sequence conservation, and homology 
with the 3' end of E. coil 16s rRNA. 	The sequence CCUCC, which occurs 
near the 3' end of the bacterial rRI'TA, and which is thought to be 
involved in binding of rnRNA by ribosomes of E. coli and other 
bacteria was not found. However, a purine-rich region was consistently 
demonstrated with extensive complementarity to the ' non-coding 
regions of eukaryotic mRNA, and may serve a similar function. 
Conservation of the 186 rRNA sequence at the 3' terminus and possibly 
other regions (Gerbi, 1976) is consistent with the further proposed 
functions of this molecule in termination of protein synthesis 
(Dalgarno and Shine, 1973; Shine and Dalgarno, 1974), interaction with 
ribosomal proteins (Nomura et al., 1968; Higo et al., 1973) and con-
servation of secondary structure (Wellauer et al., 1974; Schibler 
et al., 197). 	Scott and Ingle (1973), using artichoke and swisschard 
(Beta v-ulgaris) rRNA and Niassod and Cecchini (1976), using sycamore 
rRNA, showed cross-hybridization between 18s and 2S rRNA to DNA on 
nitrocellulose filters. 	The extent of cross-hybridization was species- 
dependent, but 186 rRNA always cross-hybridized to a greater extent 
than 25S rRNA. The presence of sequences common to 18S and 2S rRNA 
has been suggested as an explanation for this behaviour (Scott and 
Ingle, 1973; Miassod and Cecchini, 1976). 	However, the rRNA of some 
species, for example, flax, show very little cross-hybridization 
1 - 	--_ 	 --.. 
 
As previously mentioned, techniques are available for viewing rRNA 
genes under the electron microscope in dispersed, spread 
preparations of transcriptionally active nucleoli (Miller and Beatty, 
1 9 6 9). 	Transcribed regions, the 'matrix' units, consist of 
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ribonucleoprotein fibrils, which are growing chains of rRNA precursor 
molecules, ar::anged in a lateral length gradient. 	These units 
normally alternate with fibril-free regions, the so-called 'non- 
transcribed spacer'. 	The matrix units and spacer regions are 
regularly arranged along a central axis of ribosomal DNA. Such an 
arrangement of rRNA genes has been shown in a variety of eukaryotes, 
including some green algae and insect species (Scheer et al., 1973, 
1977; Spring et al., 1 974, 1 976 ; Trendelenburg et al., 1973, 1 974 9  
1976, 1977; Berger and Schweiger, 197; Woodcock et al., 197; 
Foe et al., 1976; Welauer et al., 197; Weilauer and Reeder, 1 97). 
The occurrence of nontranscribed spacer DNA in X. laevis has also 
been confirmed by secondary structure mapping (Wellauer and Dawid, 
197L.). 
The structural eukaryotic 18S, 2-28S and 5.8S rRNA genes, 
together with the transcribed and nontranscribed spacer DNA regions, 
constitute the rDNA repeat unit. The length of this unit varies 
greatly between different eukaryotes (Table 3), with no consistent 
taxonomic or evolutionary correlations. The variation in length 
of the rDNA repeat unit is much greater than can be accounted for 
by differences in the size of the initial transcript (Table 2), 
and is largely due to the amount of nontranscribed. spacer DNA. 
Nontranscribed spacer DNA has been shown to be heterogeneous 
in length or sequence in several eukaryotes (references of Table 3). 
Electron microscope and restriction enzyme analysis of 
X. laevis rDNA have shown that such length heterogeneity 0.8 - 
x 106  mol. wt.) occurs even within a single NOR (Wellauer 
et al., 1974, 1976a; 	Wellauer and Reeder, 197; Reeder et al., 
1 976b). The pattern of nontranscribed spacer lengths found within 
TLBLE 3 
The size of :he ribosomal DNA repeat unit 
Data taken from: Results in this thesis; H. Friedrich et al. 
(personal communication); R. B. Plavell (personal communication); 
C. A. Cullis (personal communication); Findly and Gall (1978); 
Karrer and Gall (1976); Maizels (1976); Cockburn et al. (1976); 
Trendelenburg et al. (1976); Glover and Hogness ( 1 977); 
Endow and Glover (1978); Nath and Bollon (1977); Philippsen et al. 
(1978); Arnheim and Sothern (1977); Cory and Adams (1977); 
Bun et at. (1977); S±arnbrook (1978); Wellauer et al. (1974); 
Gall and Rochaix (1971); Vogt and Braun (1976); Lipps and 
Steinbrttck (1978); Southern (197b); Stumph et al. (1978). 
* Two separate estimates. 
** Minimum estimates. 
TABLE 3 
rDNA unit 
Organism Species base pairs aiol. 	wt. 	(x 10-6) 
Protozoon Paramecium tetraurelia 8300 5.5 
It Tetrahymena pyriformis 20300 13.4 
of Stylonchia niytilus 6800 14.5 
Slime mould Physarum polycephalum 56000 37.0 
it Dictyosteliuindiscoideuni 	** 38000/142900 25.1/28.3 
Insect Drosophila mehLnogaster 11 500 , 	12000, 	175000 7.6, 	7.9, 	11.6 
to Sciara copriphila 8400 5.5 
it Dytiscus marginalis 21200 14.0 
it Colymbetes fuscus 1 5000 9.9 
Yeast Saccharomyces cerevisiae 9000 5.9 
African clawed toad Xenopus laevis 10700-13900 7.1-9.2 
Rat Rattus rattus 38000 25. 1 
Mouse Nus rnusculus** 144000 29. 0 
Rabbit Oryctolagus cuniculus 27300 18.o 
Chinese hamster Cricetus cricetus 24600 16.2 
Calf Bos taurus 32300 21.3 
TABLE 3 contd. 
Organism Species base pairs 
rDNA unit 
mol. 	wt. 	(x 10_6) 
Human Homo sapiens 30300 20.0 
Soybean Glycine max 8900 5.9 
Stock Matthiola incana 9100 6.0 
Mung bean Phaseolus aureus 9200 6.1 
Melon Cucumis melo 11800 7.8 
Chinese cabbage Brassica campestris ssp. pekinensis 9400 6.2 
Turnip Brassica campestris ssp. rapifera 9800 6. 
Kale Brassica oleracea var. acephala 1000 6.9 
Wheat Trit±cuin aestivum 10000 6.6 
Barley Hordeurn vulgare 900, 	1000 6., 	6.9 
Rye Secale cereale 9600 6.3 
Flax Linum usitatissimum 8700 5.7 
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each NOR differs between individuals. Breeding experiments showed 
that the patterns are inherited by nearly all (96%) of the progeny 
(Reeder et al., 19760). 
Heteroduplex mapping of rDNA, and restriction enzyme analysis 
of cloned spacer DNA fragments, showed that most of the spacer 
length heterogeneity is due to variation in the length of two 
internally repetitious regions. These variable regions are 
separated by a region of constant length (Wellauer et al., 1976b; 
Botchan et al., 1 977). 	The results of analysis with certain 
restriction enzymes suggested that the entire nontranscribed spacer 
was originally derived from an ancestral 1bp repeating unit 
(Botchan et al., 1977). 
The nontranscribed spacer DNA of X. laevis has a higher A+T 
content than the transcribed gene regions, and has diverged 
considerably in sequence between two closely-related species, 
X. laevis and X. mullen (Brown et al., 1972). 	This contrasts with 
the highly conserved transcribed sequences (Brown et al., 1972; 
Botchan et al., 1977). 	The nontranscribed spacer of X. laevis 
S and tENA genes has also been shown to have a relatively high 
A+T content (Brown et al., 1971; Federoff and Brown, 1978; 
Clarkson and Birnstiel, 1 973). 	Little detailed information is 
available on the base composition of non-transcribed spacer DNA in 
other eulcaryotes. 	The palindromic, extrachromosomal rDNA of 
otrahymena and Physam contains a central nontranscribed region, 
.hich is A+T-rich in Tetrahymeria (Gall et al., 1977) but of similar 
ition to the transcribed region in Physarurn (Steer e al., 
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Although the function of nontranscribed spacer rDNA is unknown, 
it seems reasonable to speculate that the spacer sequences contain 
the initiation and termination sequences for RNA polymerase I 
(Trendelenburg and Gurdon, 1978). 
The striking structural homologies between the ribosomal 
gene spacer DNA and the 5S gene spacer of X. laevis suggests 
an additional common function.(Carroll and Brown, 1976; Botchan 
e t al., 1977), possibly in promoting unequal sister chromatid 
exchange, a mechanism proposed by Smith (1973, 1976, 1978) to 
maintain the homogeneity of tandemly repeated genes. 
Intervening DNA sequences and rRTA genes 
It has been demonstrated that several eukaryctic genes are 
interrupted by sequences of DNA not present in the mature mRNA, 
the so-called intervening sequences (Tilghman et al., 1978) or 
introns (Gilbert, 1978). 	Genes where these sequences have been 
found to date include the , -globin and ovalbum.in genes of mouse 
and rabbit (Jeffreys and Flavell, 1977; Tilghman et al., 1978; 
Breathnach et al., 1977; Doe et al., 1977), the mouse 
globulin light-chain gene (Brack and Tonegawa, 1977) and the 
yeast transfer RNA genes (Goodman et al., 1977; Valenzueia et al., 
1978). Intervening sequences were originally found in a proportion 
of rDNA units of D. melanogaster, the sequence interrupting the 
28S rRNA gene (Glover and Hogness, 1977; Pellegrini et al., 1977; 
Wellauer and Dawid, 1977; White and Hogness, 1977). 	Two types of 
intervening sequence are found, type 1 of 5000 bases and homologous 
00 and 1000 base sequences, and type 2, of 100-40 00 bases, with 
no homology to type 1 sequences (Wellauer et al., 197 8 ). 	6 1/8 of the 
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rDNA mits on the X chromosome are interrupted, 49% by type 1, 
16% by type 2 sequences. 	It has been shown that sequences 
homologous to these intervening sequences occur in other parts of 
the LrosjphUa genome and account for about 0.2% of the total DNA 
(Dawid. and Botchan, 1977). 
Restriction enzyme analysis of Tetrahymena strains showed that 
the 2S genes of five out of seven strains are interrupted by a 
sequence of 30-400 bases, and evidence suggests that these genes 
are transcribed (Wild and Gall, 1978). 
The single mitochondrial 21S rRNA gene of S. cerevisiae has been 
shown to be interrupted by an intervening sequence of 1160 bases 
(Bos et al., 1978), and each of the two chioroplast 23S rR'TA 
genes of Chlamydomonas reinhardil, by a sequence of 940 bases 
(Rochaix and Malnoe, 1978). 	Because there is only one mitochondxial 
21S rRNA 'gene and two chioroplast 23S rRNA genes, these interrupted 
genes must necessarily be transcribed. Preliminary evidence suggests 
that the interrupted 28S genes of Drosophila are also transcribed. 
(unpublished results of D.N. Glover). There is evidence that genes 
with intervening sequences are transribed with the coding sequences 
as large precursor molecules (Tilghman et al., 1978) and this is 
presumably true also of interrupted rRNA genes. 
Ribosomal RNA gene expression 
The rates of rRNA synthesis and overall development of X. laevis 
mutants, with only a single nucleolus per cell, are the same as the 
wild type (Brown and Gu.rdon, 196LL). 	Further experiments, using 
partial nucleolar mutants of X. laevis, have shown that only by 
reducing the rRt'TA gene complement to below half the wild type level, 
is the rate of rRNA synthesis insufficient for normal growth and 
development (Knowland and Miller, 1970; Miller and Knowland, 1970). 
Experiments with maize have provided evidence that relatively 
few of the rENA genes are transcribed. 	Givens and Phillips (1973) 
showed that most of the rRNA genes are located in the 'euchromatic' 
segment of the NOR, which was not associated with the nucleolus 
during microsporogenesis. 	The heterochromatic segment, with a 
much smaller number of rRNA genes, was closely associated with the 
nucleolus during the early stages of microsporogenesis and was 
therefore considered to be transcriptionally active. 
Evidence from use of the spreading technique (Miller and 
Beatty, 1969) nas shown that only about 4P/0 of the rENA genes of 
D. melanogaster are transcribed during the blastula stage of 
embryogenesis (McKnight and Miller, 1976). 	This stage is associated 
with increased rRNA synthesis, suggesting transcriptional control 
over production of rRNA. 
Changes in the rate of rENA synthesis in the newt, Triturus 
alpestris, are largely controlled at the transcriptional level. 	Both 
the number of actively transcribed rENA genes and the number of 
initiation events from each gene increased considerably in the 
transition to the vitellogenic stage of oogenesis (Scheer et al., 
1976). 	Transcriptional control of rENA synthesis was also suggested 
from studies on spermatogenesis in Drosophila (Meyer and Hennig, 1 974). 
Studies with higher plants have also provided indirect evidence for 
regulation at this level (Tirnmis and Ingle, 197). 
Experiments with various cell culture systems have provided 
evidence for post-transcriptional regulation of rENA synthesis 
(summarized by Scheer et al., 1976). 	Regulation at both the trans- 
criptional and post-transcriptional levels has been shown to be 
involved in some systems (Luck and Hamilton, 1972; Papaconstantinou 
and Jiüku, 1968; Rizzo and Webb, 1972). 
The role of RNA polymerase I activity must also be considered 
when investigating the control of rRNA gene expression. There 
seems to be no correlation between activity of this enzyme and 
the rate of rRNA synthesis during early development in animals 
(Roeder et al., 1970; Blatti et al., 1970; McKnight and Miller, 
1976). 	Nevertheless, there is evidence that rRNA synthesis during 
embryogenesis in the milkweed. bug Oncopeltus fasciatus is controlled 
by the modulation of RNA polymerase I activity (Foe, 197). 	Both 
the number and activity of RNA polymerase I molecules are regulated 
during early growth and development in higher plants (Guilfoyle and 
Key, 1976), though there is no evidence that the activity of this 
enzyme is the rate—limiting step in r-RNA synthesis. 
Control over expression of rRNA genes via a common 'promoter' 
region, which regulates a whole set of genes, was the interpretation 
put forward. by Perry and Kelley (1970) to explain the high 
sensitivity of eukaryotic rENA to low doses of the drug, actinomycin 
D. 	In contrast, evidence from the use of spreading techniques, 
and from experiments inactivating rENA genes by UV light, strongly 
suggests that each rENA gene has a 'promoter' locus, and is therefore 
under independent control (McKnight and Miller, 1976; Scheer 
et al., 1976; Trend.elenburg and Gurd.on, 1978; Hackett and Sauerbier, 
197). 
A priori, there is no reason to expect that the detailed 
mechanisms of regulation of rENA gene expression are the same in 
all eukaryotes. 	It also seems unlikely that expression of genes in 
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any system is exclusively controlled at one level. 	A coherent 
picture of the control of rRNA gene expression will cly emerge 
with a more detailed 'understanding of the mechanisms controlling 
the number of genes transcribed, the activity of RNA polerase I, 
and the processing of precursor rRNA molecules. 
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The genus Brassica 
Brassica is a highly polymorphic genus, constituting about 50 
species, both cultivated and wild. Examples are found throughout 
Europe, the Mediterranean region and Asia. Various species are 
important as vegetables for human consumption and as animal fodder. 
The great value of the genus for the present study lies primarily 
in this polymorphism, almost every part of the plant having been 
selected for a particular purpose. 
A summary of the relationships between the Brassica genomes is 
shown in Fig. 2, and the constituent species of the genomes in Table L.. 
None of the genomes has a haploid chromosome number of less than n=8. 
On the basis of studies of secondary associations of chromosomes at 
meiosis, aneuploidy is thought to be the main factor in the evolution 
of the various species. 	From such studies, the basic haploid 
chromosome number of the ancestral species (x), has been given as 
5 (Sikka, 1940), though others consider this to be 6 (Catcheside, 
1L; Yarnell, 1956; Thompson, 1956; Rgbbelen, 1960). 
The choice of B. oleracea for this study was influenced by 
several factors. 	The species offers a wide range of phenotypically 
distinct, well-characterized varieties and cultivars, most of which 
are readily available. 	The closely-related. B. campestris was used 
fr interspecific comparisons and the amphidiploici of B. oleracea and 
B. campestris, B. napus to investigate genome interaction. 
he following are the main characteristics of the B. oleracea 
rie:ies with a summary of their evolutionary history, as far 
to is known. 
PIGJBE 2 
The Brassica &enornes - haploid chromosome numbers and 
relationships (from M °M. Davey, 199) 
FIG. 2 
TABLE L. 
Constituents of the genus Brassica 
Modified from M'M. Davey (199). 
TABLE 14 
Genome Description Species 
"a" Highly diverse. B. canipestris inc. wild species 
Wide distribution. ssp. oleifera oil—seed rape 
ssp. rapifera (turnip) 
ssp. pekinensis (Chinese cabbage) 
ssp. chinensis (Chinese mustard) 
ssp. japonica (curled mustard) 
ssp. narinosa Chinese salad vegetable) 
ssp. nipiosinica H 	 H 	 ) 
ssp. dicliotoma Indian rape) 
ssp. trilocularis (Sarson) 
Least versatile of genomes. B. nigra Wild species and black mustard. 
li c it B. oleracea Wild species. 	Cabbage 'tribe'. 
B. alboglabra Oriental sp. 
Mediterranean Island sp. 
B. hirta White mustard. 
Eruca sativa Rocket salad. 
"H" Raphanus sativus Radish. 
B. kaber Charlock. Agricultural weed. 
Natural amphidiploids 
B. 	juricea Lea.f mustard. 
B. cernua 
"ac" B. napus Annual/biennial oil seed 
rapes, coiza, fodder, rapes, 
hungry gap kale etc. swede. 
"bc" B. carinata Abysinnian mustard. 
32 
B. oleracea var. sylvestris L. (wild cabbage) 
While the overlap between truly wild varieties and escapes from 
cultivation is sometimes hard to differentiate, it is generally 
accepted that the plants of the European Atlantic and Mediterranean 
coastal regions are true wild forms (McNaughton, 1963), while those 
in Britain are considered to be an introduction (Mitchell, 1976). 
It is not thought that all the cultivated B. oleracea varieties arose 
from this one wild species, and other wild diploid relatives, classed 
as different species, have included as ancestors:- B. cretica, 
B. insularis and B. rupestris (Yarnell, 196). 
B. cleracea var. capitata (cabbage) 
This variety has developed by selection from wild cabbage, and 
the terminal bud is enlarged to form a compact head or heart. 
Cabbage is thought to have been cultivated by the ancient Greeks and 
Romans, though Helm (1963) considers the country of origin to be 
Germany. Savoy cabbage, a distinct form with crimpled leaves, 
originated in Italy, and spread to France and Germany in the 16th 
and 17th centuries (Thompson, 1976). 
B. oleracea var. gernmifera Zenker (brussels sprout) 
Brussels sprout is a biennial variety with highly developed 
vegetative buds in the leaf axils. 	It was cultivated in the Brussels 
region as early as 170 (Oldham, 1948), and reached France and England 
by 1800 (Thompson, 1976). 	It is not clear whether the brussels 
sprout referred to in earlier records, from 1213 (Oldham, 1948), 
was a true sprout variety or a different species (Helm, 1963). 
B. oleracea var. gonjlodes L. (kohl-rabi) 
Kohl-rabi has a swollen, almost spherical stem, with the leaves 
in a whorl and dormant buds in the leaf axils. 	It has sometimes been 
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raised to specific rank as B. caulorapa Pasq. (McN. Davey, i99). 
Its early history is not well documented, but it is thought to 
have developed in Northern Europe in the 1 5th century (Boswell, 
1 9L.9). 
B. oleracea var. italica Plenck (sprouting broccoli) 
Broccoli produces many heads of green (Italian calabrese), white 
or purple flower buds. 	It is thought to have evolved before the 
cauliflower (Thompson, 1976) in similar geographical localities. 
B. olerncea var. botrytis L. (cauliflower) 
Cauliflower consists of tight, compact, white fleshy curds or 
heads, with surrounding leaves. 	According to Helm (1963) it was 
unknown before the early Middle Ages, but other sources suggest 
it dates back as early as 6 B.C. (Boswell, 1 949). 	It was 
introduced into Italy about 100, and into Germany, France and 
England in the early 17th century. 
B. oleracea var. acephala D.C. (marrow stem kale, collards, tree kales) 
The variety is tall and unbranched and the various forms are 
the earliest cultivated Brassicas (Thompson, 1976). 	Marrow stem 
kale, a cattle fodder crop, has a swollen stem with a high sugar 
content. The kale group as a whole originated in the Mediterranean 
region or Asia Minor about 2,000 years ago (Boswell, 1 949), though 
marrow stem kale is only documented from the early 19th century. 
B. olerucea var. fimbriata Mill. (curly kale, dwarf scotch kale) 
Curly kale is closely related to thousand-headed kale, though 
less branched, and with highly curled leaves. 
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B. cieracea var. fruticosa. Metz (thousand.—headed kale) 
This is a multi—heacled type and has numercus branches, though 
commercially it shows heterogeneity in branching and other characters. 
'Canson' kale shows lower growth, has a higher leaf:stem ratio, and 
is winter—hardy. 
B. oleracea varieties, particularly the brussels sprout, cabbage, 
cauliflower and broccoli, have been intensively selected for greater 
uniformity and quality, while the kales have undergone relatively 
little selection. 	There has been a gradual shift from outbreeding 
to inbreeding over about the last 100 years, though summer cauliflowers 
are the only fully self—compatible group (Thompson, 1976). 
Incompatibility is sporophytically controlled by the S—allele system 
(Thompson and Taylor, 1972). 
The taxonomic status of the variation in B. oleracea 
Although as previously mentioned, it is doubtful whether all the 
above varieties arose from wild cabbage alone, the morphological range 
found in wild species is great. Examples of Greek wild cabbage 
grown in the glasshouses of the Botany Department at Edinburgh showed 
typical characteristics of several B. oleracea varieties, often 
together on the same plant. 	It is, therefore, clear that a great 
deal of phenotypic selection 'potential' is present in wild species. 
Because the wild and cultivated varieties are naturally outbreeders, 
and because their regions of origin probably overlap, it is difficult 
to give sufficient grounds for them being classed as subspecies. 
Subspecific ranking requires good evidence for morphological, ecological, 
geographical or cytological distinctions, and preferably a combination 
of two or more of these 	(. N. Smith, personal communication). 
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The morphological distinctions between the various B. oleracea 
phenotypes are obvious but there is little evidence for the other 
distinctions. 	Taking into account these ranking factors, it would 
seem that the various cultivated forms of B. olercea represent 
a continuum of variation, the distinctions between the phenotypes 
resulting largely from artificial selection. 	I believe that 
these distinct forms should be considered as different varieties 
(McNaughton, 1963; Thompson, 1976) rather than subspecies 
(MaN. Davey, 199). 
B. campestris and B. napus 
B. campestris is thought to have originated primarily in the 
Mediterranean area and east Afghanistan/West Pakistan, from about 
2000 B.C. The earliest evolution was of oil—seed rape ssp. oleifera 
from the wild form. B. campestris has a much wider distribution 
than B. oleracea. 	B. campestris ssp. rapifera (turnip) is biennial, 
and the selected part of the plant is the storage organ of 'bulb', 
strictly speaking a swollen hypocotyl. Like B. oleracea, 
B. campestris is an outbreeding polymorphic species. 	The stubble 
turnip, a distinct class of rapifera subspecies used in these 
studies, has been selected for rapid early growth after late sowing, 
and is thought to have originated in Europe in the 15th - 18th 
centuries (Thompson, 1976). 	Adding to the confused taxonomy of 
the Brassica genus, it should be noted that the various forms 
within the B. carnpestris group, which are no more distinct than 
those within B. oleracea,are classified as 'subspecies' (McNaug±iton, 
1963). 
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B. naps, the natural amphidiploid of B. oleracea and 
B. campestris is well known, though the uncertainty of whether true wild 
forms exist obscure its origin. 	It may have evolved independently 
several times (Rudorf, 1 95 0 ; Olsson, 1960), but its cytogenetic 
relationship to the two progenitor species is clear (u, 1 935). 
Domestication is thought to have occurred only in the last few hundred 
years, and the species has been subjected to inbreeding. 	B. napus 
is also a polymorphic species, the bulbous variety (ssp. rapifera - 
the swede) used in the work in this thesis resembling turnip in 
morphology, with a swollen hypocotyl. 
B. oleracea and B. campestris provide an interesting example 
of the evolution of two closely related genomes, with man playing a 
central role in selection for the diverse phenotypes, and an opportunity 
to investigate some molecular aspects of intraspecific and inter—
specific evolution. 
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Rationale for the work in this thesis 
As discussed in the introduction, the evidence for changes in 
rRNA gene number accompanying environmental induction in flax is well—
documented, as is the varietal variation in rRNA gene number of some 
higher plant species. However, the evidence suggesting developmental 
changes in the number of these genes is less convincing. 
Therefore, it was decided to investigate variation in the amount 
and structure of rDNA in the genome of the polymorphic species, 
B. oleracea. 	The overall aims of this study were: 
1. An investigation by the rRNA/DNA saturation hybridization technique 
to determine. 
At what taxonomic level variation in rENA gene number occurs - 
between individuals, cultivars or varieties. 
Whether there is evidence for changes in rENA gene number 
associated with development and tissue differentiation, 
and whether this is related to phenotypic selection. 
2. An analysis of B. oleracea rDNA structure and comparison with that 
of the closely related B. campestris, by hybridization of rENA 
to 'Southern transfers of DNA digested with restriction endo-
nucleases. 
The B. oleracea genome was also characterized in terms of the 
nuclear DNA buoyant density, the DNA amount/2C nucleus and the nuclear 
development associated with phenotypic selection. 
SECTION 2: 
MATERIALS AND METHODS 
. 
2.1. Plant material 
The time required to process the large amounts of material 
necessary for a thorough survey of rRNA gene variation within 
B. oleracea, necessitated selection of a limited number of well—
characterized cultivars of the different varieties. The material 
chosen for survey is shown in Table 	. Seeds of cabbage and 
brussels sprout cultivars, except where indicated, were supplied 
by Dr. A. B. Wills of the Scottish Horticultural Research Institute, 
Mylnefield. Dr. L. Watts of Suttons Seeds Ltd., Reading, kindly 
prided seeds of cauliflower, broccoli and kohl-rabi cultivars. 
Dr. I. H. McNaughton of the Scottish Plant Breeding Station, 
Pen±landfield, Midlothian, supplied seeds of the kale varieties 
as well as stubble turnip and swede cultivars. 
Seeds were grown in John Innes No. I compost in a glasshouse 
under a 16 hour daylength with supplementary lighting. The night 
temperature was not above 1
0C. After 3-4 weeks growth, young 
plants were transferred to a plot at the Scottish Plant Breeding 
Institute grounds. 	2 rows of 10 plants of each cultivar were 
planted, with suitable spacing within and between rows (about 
1" and 24" respectively). Planting outside was in mid—June - 
early July, and material was harvested as it matured, from September 
of the same year until the first few months of the following year, 
depending on the variety and cultivar. A repeat planting and 
harvest of several varieties was made one year later in a similar 
manner, except that plants were grown on a plot in the grounds of 
the Botany Department at Edinburgh. Plants were netted to prevent 
damage by wood pigeons and other predators. 	Suiable precautions 
were taken against common pests of Brassica crops e.g. cabbage root fly, 
cabbage white butterfly and flea beetle, by treatment of the plants 
with relevant pesticides. 
TABLE 5 
Species Variety* Life cycle Cultivar 
B. oleracea cap:itata 	(cabbage) annual Celtic X 
C3288 (open pollinated Savoy) 
Greyhound (Sutton's) 
gemmifera 	(brussels sprout) biennial Glossy-leaved (inbred) 
Champion Original (open pollinated) 
Peer G3rnt (F 1 ) 	(Sutton's) 
botrytis 	(cauliflower) annual Armado April (Sutton's) 
All the Year Round. 	5608 (Sutton's) 
Winter cauliflower. Walcherin. S978 
(Sutton's) 
italica 	(sprouting broccoli) annual White sprouting (Sutton's) 
Purple sprouting (Sutton's) 
Calabrese (Green sprouting) (Sutton's) 
gongylodes 	(kohl-rabi) biennial White (Sutton's) 
Purple (Sutton's) 
acephala 	(marrow-stem kale) biennial Mans Kestrel 
fruticosa 	(thousand-headed kale) biennial Caiison 
fimbniata 	(curly kale) biennial S827/CK18 
B. campestris 
Subspecies 
rapifera 	stubble-turnip) biennial 
Si 211./TP88 
S72/TP89; 	S726/TP90 




*Hereafter in the text, varieties are referred to by their common names. 
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2.2. 	Feulgen staining of nuclei and microdensitometry 
The Feulgen staining procedure was used in this work for two 
reasons: 
To determine the genome sizes of the three Brassica species used 
in rRNA/DNA hybridization experiments, allowing calculations of 
rRA gene numbers frcm % hybridization values. 
To investigate the relative proportions of nuclei with different 
ploidy values in some of the mature differentiated tissues of 
B. oleracea varieties. 
The basis of the Feulgen reaction is: Acid hydrolysis of nuclei 
removes RNA and purine bases of DNA, opening the deoxyribose sugar 
rings to give reactive aldehyde groups. The aldehyde groups react 
with decolourized. Schiff's reagent containing leuco-basic fuchsin, 
to give a purple colour. Providing certain conditions are fulfilled 
(Bennett and Smith, 1976), the intensity of the stain is proportional 
to the amount of DNA in the nucleus. Because the density values are 
in arbitrary units, it is important to use as an internal standard 
a species or species whose DNA content has been determined accurately 
for conversion of the unknown genome size to an absolute amount of 
DNA (Bennett and Smith, 1976; Dhillon et al., 1977). 	The 
'standard species' used was Hordeum vulgare cv. Sultan (Lc DNA 
content = 21.89 pg) (Bennett and Smith, 1976). 
2.2.1. 	Preparation of leuco-basic fuchsin stain 
0.7 g basic fuchsin (BDH) and 3.8 g sodium metabisulphite 
were stirred vigorously with 200 ml 0.1 M HC1 until dissolved 
(2-3 hr). 3 g activated charcoal was added and the solution stirred 
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for a further 2-3 mm. 	Suction filtration through Whatman No. 1 
filter paper gave a clear, colourless solution. 	The ph at this 
stage was 1.9 - 2.2, and was carefully adjusted to pH 3.6. 	Without 
increasing the ph there is a danger that under the acidic conditions, 
DNA will be extracted from the nucleus during the staining process, 
with subsequent under-estimation and variability of density values 
(Bennett and Smith, 1976). 	The stain was kept in a tightly-stoppered 
dark glass bottle at 14
0
C. 
2.2. 2. 	Growth of seeds and staining procedure 
Seeds of Hordeum vulgare cv. Sultan and the three Brassica 
species were germinated in petri-dishes on filter paper wetted with 
distilled water. 	Root tips, 1-2 cm long, were fixed in freshly 
prepared 'acetic ethanol' (1:3 (v/v) glacial acetic acid:ethanol) 
for 1 hr at room temperature. They were then hydrolyzed for 10 mm 
at 60 0  C in 1 N HC1 (previously heated to 60 0C), stained in leuco- 
basic fuchsin for 2 hr at room temperature and then given three 10 mm 
washes in differentiating solution (0-05 N HC1, 0.5 N sodium 
metabisulphite) (McLeish and Sunderland, 1961). 
2.2. 3. 	Preparation of root tip squashes and microdensitometry 
The terminal 2 mm of each root tip was excised onto a microscope 
slide, and a small drop of glycerol added. 	Cells were separated by 
tapping the root with a blunt brass rod, and the preparation squashed 
under a cover slip. Nicrodensitometer measuriments were made on a 
Vickers M85 integrating microd.ensitometer, linked to a print-out 
recorder (Anadex Instruments, Inc., California), within 2-14 hr of 
squashing. 	10 nuclei from each of the two root tips from different 
seedlings were measured using the 100 x objective. The density of 
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each nucleus was calculated as the mean of three readings, and 
converted to absolute units from the density and known DNA content 
of the standard species. 
2.2. 14. 	Preparation of nuclei from mature tissues 
Small quantities of tissue freshly cut from mature plants were 
added to a petr± dish containing 1451/o acetic acid and immediately 
chopped with a razor blade to a fine suspension. 
The suspension was filtered through 2 layers of muslin and the 
filtrate centrifuged at 500 x g for 5 mm. To avoid problems of 
chioroplast contamination, the g value for su3pensions of leaf 
tissue was reduced to 350  x g, but no lower because of the dangers of 
obtaining a non—random population of nuclei. 
The crude nuclear pellet was resuspended and fixed for 1 hr in 
acetic ethanol. After recentrifugin the pellet was resuspended 
in residual fixative. Four drops of suspension were dried onto 
a microscope slide. The preparations were then hydrolyzed, stained 
and de—colourized exactly as described for root tips. 	Slides were 
dehydrated through a series of ethanol concentrations for 5 mm 
at each concentration, in the order 5, 75%, 850/6, 95% and absolute 
alcohol. After two 5 min washes in xylene, coverslips were mounted 
in Xam, (Gurrts) and the mountant allowed to dry overnight on a 
slide heater. 	Slides were stored in the dark at 140C, and measure- 
ments made within 3 days. 
For each tissue, 50 nuclei selected at random from each of two 
duplicate slides were measured on the microdensitometer. Most of 
the measurements were made using the X100 objective. 	The nuclei of 
B. campestris were significantly larger than those of the other two 
raoica opeolet, and neoureneots had to be nade osing the 1,L0Obe0007e. 
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2.3 Preparation of DNA 
2 .3. 1. 	Harvesting of plant material 
Harvests were made of 10 plants of each cultivar, selected at 
random from both rows • Plants showing poor or abnormal growth 
were not used. Depending on the part of the plant required for 
DNA extraction, -10 g of material was cut from the required tissue 
and material pooled from 10 plants. Tissue was washed in cold 
water followed by distilled water, and excess moisture blotted 
prior to extraction of DNA. Tissue was harvested not more than 
1-2 hr prior to extraction, and was kept at L °C until required. 
For DNA extraction from specialized tissues, as much as possible 
of other types of tissue was removed prior to extraction. 	For 
example 'stalk' material was removed from cabbage head and cauliflower 
curd. Midribs were normally removed, from leaves, and the leaves 
chosen were intermediate in size (nonsenescent). 	For extraction 
of DNA from kale stems, the tough, outer fibrous layer was removed 
prior to extraction, leaving only the central 'pith'. 
For DNA extraction from young plants, at least 20 plants of each 
variety were grown in the glasshouse for 3-4 weeks as previously 
described, and apices and small leaves around the apex (<1  cm) 
harvested. 
2 .3. 2. 	Total DNA 
Total DNA was prepared from the plant material specified in 
the experimental results, immediately after dicing the tissue by hand. 
Small quantities (up to 10 g) of tissue were homogenized directly 
with a pestle and mortar at room temperature in a modified Kirby's 
medium (Parish and Kirby, 1966; Scott and Ingle, 1 973) (2* volume/g 
tissue) consisting of 19/6' sodium tri-isopropylnaphthalene sulphonate (TNS), 
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6% sodium 4-amino salicylate (PAS), 50 mM sodium chloride, 10 mM Tris, 
PH 8.0, 69,6 n-butanol and 10 mM EDTA, pH 8.0. 
For larger amounts of tissue (20 - 100 g) which are difficult 
to homogenize by hand, tissue was diced and added to 2-i- volumes cold 
50 mM NaCl, 10 mM Tris pH 8.0, 10 mM EDTA, pH 8.0. Tissue was then 
homogenized at L °C by two 5  sec bursts at full speed using a Polytror 
homogenizer (Northern Media Supplies Ltd., Hull, U.K.). Detergents 
were added immediately after homogenizing and thoroughly mixed to give 
final concentrations of 1% TNS and 69,6 PAS, followed by n-butanol to 
a final concentration of 6%.  The NaCl concentration was increased to 
0.5 N, and an equal volume of chloroform/amyl alcohol (24:1 v/v) 
added. After vigorous shaking for 3-5 min at room temperature, the 
emulsion was centrifuged at 20C x g for 10 mm. The upper aqueous 
layer containing the nucleic acids was removed and further deproteinized 
by shaking with an equal volume of phenol mixture (phenol saturated 
with 10 mM Tris, pH 8.0, and containing 1 	(v/v) freshly re-distilled 
m-cresol and 0.5% (w/v) 8-hydroxyquinoline). After centrifugation, 
the aqueous layer was removed and re-extracted with phenol mixture. 
Nucleic acid was precipitated by the addition of 2 volumes of absolute 
ethanol to the extracted aqueous layer, and storage at L.°C overnight. 
The precipitated nucleic acid was collected by centrifugation 
at 2C0 x g for 10 min at 40C, and dissolved in a small volume (—io ml) 
of o.% SLS (B.D.H. "specially pure")/0.15 N sodium acetate. 	The 
nucleic acids were reprecipitated by addition of 2 volumes of ethanol, 
and storage at 40 C for 2 hr. The precipitate was collected by 
centrifugation, washed by resuspension in 8 ethanol/0.2% SLS (w/v) 
and recentrifuged. The pellet was dissolved in a small volume of 
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0.1 x SSC (ssc = standard saline citrate; 0. 1 5 M NaCl, 0.05 M sodium 
citrate, pH 7.2) and the salt concentration increased to 1 x SSC. 
Ribonuclease (Type 1-A Bovine pancrease, Sigma) (previously heated at 
0 	 0 80 C for mm, (i mg/ml) to inactivate DNAase, and stored at -10 c), 
was added to a final concentration of 50  }lg/ml and incubated at 37 0 C 
for 2 hr. 	Protease (8 mg/ml) (Type VI, Sigma, self-digested at 20 0C 
for 10 mm) was added to a final concentration of 400 )ig/ml, and 
incubation continued at 37°C  for 2 hr to remove RNAase and remaining 
protein. The solution was cleared of any particulate matter by 
centrifugation at 10,000 x g for 10 mm. 	If the solution was cloudy, 
it was re-extracted with phenol mixture, the aqueous layer reprecipitated 
with ethanol for 2 hr at L ° C, the DNA recovered by centrifugation and 
dissolved in 0.1 x SSC. 
RNAase and protease-treated DNA was recovered by centrifugation 
in 1 x SSC at 100,000 x g for 16 hr at L °C in an MSE 10 x 10 Al angle 
rotor. The pellet was dissolved in 0.1 x SSC, the absorbance scanned 
from 220-320 nm and the concentration of DNA calculated from the A 260 
value, assuming 50  ig DNA in 1 ml has an A 260 of "0 in a 1 cm light-
path (Parish, 1972). 
DNA was further purified by preparative centrifugation in CsC1 
gradients. 	7 g of CsC1 was dissolved in 5 .4 ml 0.1 x SSC containing 
200-700 	DNA, to give an initial density of 1.707 9/cm3 (refractive 
index i.L000), centrifuge tubes were filled with liquid paraffin, and 
the CsCl solution centrifuged to equilibrium at 3,000 rpm for 66 hr 
at 2 0C in an MSE 10 x 10 angle rotor. 	Gradients were fractionated 
by pumping in saturated CsCl solution at the bottom of the tube at 
a flow rate of 100 ml/hr with a peristaltic pump, and monitoring the 
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absorbance of the fractionated gradient continuously at 254 nm 
(LcB Uvicord II; LB Instruments Ltd., London) by a chart recorder 
(Vitatron, Smith's Industries). 	At least one gradient, which was 
fractionated first, contained 30 pg  Nicrococcus lysodeikticus DNA as 
a buoyant density marker (1.731 9/cm3 ). 	 The gradient was collected 
from the less dense side of the sample DNA peak to a density of 
1.720 g1cm3 , indicated by the marker DNA. 	The collected fraction of 
the gradient was diluted with 0.1 x SSC. After thorough mixing, the 
purified DNA was recovered by centrifugation at 100,000 x g for 16 hr 
at LI. °C in the MSE 10 x 10 angle rotor. 
The DNA pellet was dissolved in 0.1 x SSC, the absorbance scanned 
and DNA concentration determined as previously described. The A2601280 
and A260230  ratios, which give an indication of protein and carbohydrate 
contamination respectively, were 2.0-2.2 and 1.7-1.8 respectively. 
DNA samples in 0.1 x SSC (o-oo ).l9/ml) were stored in polythene 
vials at -40 
0 
 C. 
2 .3. 3. 	Nuclear DNA 
Part of the work to be included in this thesis was an investigation 
into the presence of chloroplast rRNAgenes in the nuclear genome. 
This involved preparation of pure nuclear and chioroplast DNA samples. 
Due to technical difficulties in preparing pure Brassica chioroplast 
DNA, the work could not be completed. The following method was 
primarily designed for chloroplast DNA preparation (Kolodner and Tewari, 
197) but nuclear DNA was prepared from the initial nuclei-enriched 
pellet. 
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500 g loaves from young plants, destarched in the dark for 
48 hr, were cooled, diced and homogenized in 2 1 of ice—cold buffer 
containing 0.3 N mannitol, 0.05 N Tris, 0.003 N EDTA, 0.001 M 2—mercapto-
ethanol, 0.1% bovine serum albumin, pH 8.0 using a Polytron homogenizer 
with two 5 sec bursts at full speed. The homogenate was squeezed 
through 2 layers of muslin and then filtered through a further 8 
layers. The filtrate was centrifuged for 10 min at 40 x g to prepare 
a crude nuclear pellet and the supernatant further processed to prepare 
chioroplast DNA. The pellet was resuspended in a medium containing 
250 mm sucrose, 25 inN Tris, pH 8.0, 2 mM CaC1 2 , 10 inN magnesium acetate, 
and Triton X-100 added to 21/6 (v/v). After centrifugation at 2500 x g 
for 10 min the pellet was resuspended and Triton X-100 added to 2% (v/v). 
In order to remove as much contaminant plastid material as possible, 
the procedure was repeated 3 times after no traces of chlorophyll could 
be detected in the pellet. 	Nuclei were lysed by resuspension in 
50 mM NaCl, 10 inN Tris, 0.1 N EDTA, 1% SLS pH 8.0, and the salt 
concentration increased to 0.5 M NaCl. DNA was then purified exactly 
as described for total DNA. 
2.3. LL. 	Analytical ultracentrifugation of DNA 
After purification on preparative CsC1 gradients, DNA samples 
were analyzed for purity and buoyant density in the Beckman Model H 
analytical ultracentrifuge (Wells and Ingle, 1970). 	2-3 p.g DNA in 
0.62 ml 0.1 x SSC, was mixed with 0.8 g CsC1 (BDH, for ultra- 
centrifuge work). 	DNA (i jg) of the bacterium Micrococcus 
lysodeikticus (buoyant density 1.731 9/cm 3) was added an an internal 
marker. The refractive index of the solution was checked with an 
Abbe refractometer and adjusted to 1.4000 = initial density 1.707 9/cm314 
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(Schildkraut et al., 1962). 	Samples were centrifuged to equilibrium 
(20 hr) in a 24 place An-F rotor at 424,000 rpm and 25 0C. 	The positions 
of the marker and sample DNA bands within the CsC1 gradient were 
determined from photographs taken with fliT light (Ilford electron 
microscope film, polyester base). 
Photographs were scanned with a Joyce Loebi Double-beam recording 
microdensitometer, Mk. III C (Joyce Loebi and Co. Ltd., Gateshead-on-
Tyne). The buoyant density of the sample DNA was calculated from its 
position in the gradient relative to the N. lysodeikticus marker DNA. 
Gradients were initially calibrated by centrifugation of 3 marker DNAs, 
N. lysodeikticus (1.73 g/cm3 , E. coli (1.710 9/cm3 ) and T24 (1.7005 9/cm3 ), 
in CsC1 solutions of slightly different initial density. The known 
density differences between the bands were related to their position 
within the cell, defined in turn by the position of the N. lysodeikticus 
band relative to the fixed reference marker in the rotor. 
The position of the N. lysodeikticus DNA relative to the fixed 
marker, therefore, gave the relevant value of the density gradient. 
This value, multiplied by the distance between the marker and sample 
DNAs, gave the difference in density between the two DNAs, and by sub-
traction, the buoyant density of the sample DNA. 
2.4. Preparation and fractionation of radioactive rRNA 
2.L. 1. 	In vivo labelled rRNA 
The majority of rRTA used in the experiments described in this 
thesis was prepared from explants of Jerusalem artichoke (He 14  
tuberosus), labelled in vivo with 32P-orthophosphate. 	For a small 
number of quantitative and qualitative hybridizations, artichoke rRNA 
was labelled in vitro with 
W 2P-ATP. 
2.4. 1.1. 	Choice of the artichoke system 
The reasons for the choice of artichoke as the source of rEI'IA 
were: 
The system has been well characterized (Yeoman et al, 196; 
Yeoman and Mitchell, 1970) and explants of artichoke tuber 
vascular tissue can be grown under defined, sterile conditions. 
Because explants can be grown and labelled in the dark, problems 
of contaminating plastid rRNA are reduced. 
The system allows rRNA to be labelled to high specific activities 
(up to 70,000  cpm/p.g). 
The use of a heterologous rRNA probe is justified on the basis of 
the homology between the rRNA sequences of dicotyledons. The % 
hybridization values obtained using heterologous or homologous rRNA 
probes are very similar (Matsuda and Siegel, 1967; Bendich and 
McCarthy, 1970; Vodkin and Katterman, 1971; Maggini et al., 1976). 
2.4. 1.2. 	Sterile culture of artichoke tissue 
Preparation of culture media 
The composition of the complete mineral salts medium for the 
culture of artichoke tuber tissue (Yeoman et al., 196) 13 as 
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Solution 	 Component 	 Final Concentration 
A 	 Mg SO 4' 71120 	
0.146 inN 
}03 	 0.800 mm 
KC1 	 0.880 mm 
B 	 Ca (NO 3)2*4H20 	
1.0 inN 
FeC13. 61120 	 0.004 mm 
Solutions A and B were stored at 4
0
C  at 100 times final 
concentration and diluted accordingly. Sucrose was added to 4916 
(0.117 M) final concentration. 	The auxin, 2,4-dichlorophenoxy- 
acetic acid ( 24,-D), necessary to promote cell division and enhance 
rRNA synthesis in the explants (Nelanson, 1977) was prepared as a 
stock solution of 10 3M. This was diluted 1000-fold to give a final 
concentration of 10 6M (Yeoman and Mitchell, 1970; Gore and Ingle, 
197)4). 
Artichoke tubers were harvested from the grounds of the 
Botany Department in December, and stored in damp sand in polythene 
bags in the dark at 4
0
C.  From about 8 months after harvest, break- 
down of the internal structure of the tubers began, with an accompanying 
increase in fungal growth on the outside of the tubers. Nevertheless, 
by careful selection of tubers, the system was used successfully 
throughout the year. 
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Tubers showing no sign of surface damage or infection, were 
scrubbed to remove adhering soil and surface-sterilized by immersion 
for 30 min in freshly diluted sodium hypochiorite solution, containing 
20/6 (w/v) available chlorine. 
Instruments used to prepare tuber explants, were wrapped in 
aluminium foil and sterilized in sealed tin boxes at 10 °C for L hours. 
Conventional flaming techniques were employed for routine sterilization 
of instruments during use. Culture medium, distilled water and 
32P-orthophosphate were autoclaved at 15 psi for 1 5 mm. 
Tissue explants were prepared under fluorescent lighting, but 
transfer of explants to the culture medium was carried out under low 
intensity green light (Ilford bright green safe light <1 ft-c, filter 
no. 909), since the inhibitory effect of light on cell division in 
artichoke explants (Fraser, 1968) is only observed after the addition 
of 2,L-D, and during the first 12 hr of growth (Davidson, 1971). 
The ends of the artichoke tubers were cut off, leaving a segment 
about 3 cm long, from which cylindrical explants were made, as 
described in detail by Gore (1973) and Hepburn ( 1 974). 	10 explants 
were cultured in 15 ml sterile sucrose/mineral salts medium with 
1o 6N 2,-D. 
2.4. 1.3. 	Labelling of explants with 32P-orthophosphate 
2-3 mCi sterile 32P-orthophosphate (Radiochemical Centre, 
Amersham, 10 mCi/ml in dilute HC1, pH 2-3, stored at room temperature) 
in 1 ml 0_6 M potassium orthophosphate, pH 6.8, was injected into a 
600 ml culture bottle containing explants and culture medium, giving 
a final concentration of approximately 12-180 ).lCi/ml in 0.06 YM 
orthophosphate. 	Culture bottles, sealed with sterilized silver foil 
were revolved continuously at 2. 5 rpm for 3 days in the dark at 20C. 
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10 explants (one bottle) gave a final yield of up to 200 ig purified 
rENA. 
2.4. 1.4. 	Extraction of rENA 
The Kirby's grinding buffer parish and Kirby, 1966) used for RNA 
extraction was modified (Jackson and Ingle, 1973) to contain 1% sodium 
tri-isopropylnaphthalene su.lphonate (TNS), 6916 sodiun L.-aminosalicylate 
(PAS), 50 inK Tris, pH 8.0, 6% phenol mixture (EDTA and n-butanol are 
omitted). 
Radioactive explants were washed into a sieve and rinsed with cold 
water. 	150  explants (ca. 1.5 g tissue) were homogenized vigorously 
in a pestle and mortar in 8 ml grinding buffer at room temperature. 
An equal volume of phenol mixture was added and the mixture shaken to 
effect deproteinization. After centrifugation at 2000 x g for 10 mm 
at L.°C, the lower phenol layer was carefully removed. 	The salt con- 
centration of the aqueous phase and interface was increased to 0.5 N 
NaCl. The aqueous phase was re-extracted with an equal volume of 
phenol mixture. After centrifugation, the aqueous phase was extracted 
for a third time and the nucleic acids precipitated by addition of 2 
volumes of ethanol and storage for 16 hr at 4 0 C. 
The precipitated nucleic acids were collected by centrifugation 
for 10 min at 3000 x g and 0 °C. The pellet was washed with cold 8 
ethanol/0.2% SLS and dissolved in 0.15 N sodium acetate/0.5% SLS prior 
to reprecipitation with 2 volumes of ethanol for 6 hr at L °C. 	After 
recovering the nucleic acid pellet by centrifugation, it was dissolved 
in a small volume of electrophoresis buffer (Loening, 1968) containing 
121/6 sucrose and 0.2% SLS. Preparations were quantitated and checked 
for purity by diluting an aliquot of the dissolved nucleic acids and 
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scanning the absorbance from 220-320 nm, assuming the A260 of LO jig/mi 
RNA in a 1 cm light path is 1.0 (Parish, 197 2 ). 
2.4. 1.. 	Sucrose gradient centrifugation of rRNA 
For fractionation of rRNA on sucrose gradients, used in the 
early stages of this work, the 8/ ethanol/0.2% SLS - washed nucleic acid 
pellet was dissolved in 0.1 M sodium acetate at an estimated 1 mg/ml, 
and solid NaCl added to a final concentration of 2.7 M. After 
precipitation at 0°C for 24 hr, rRNA was collected by centrifugation 
at 3000 x g for 20 mm. The pellet was washed twice in 3 M sodium 
acetate, pE 6.0 and finally twice in 7 1/6 ethanoi/29/o sodium acetate. 
The above procedure, 'salt precipitation', precipitates high 
mol. wt. RNA, while highly polymerized DNA as well as soluble RNAs 
and inulin (the storage carbohydrate of artichoke), remain in solution 
(Parish, 1972). The acetate wash removes residual DNA and inulin. 
Salt precipitation is a pre-requisite to rRNA fractionation on sucrose 
gradients. Daring polyacrylamide gel electrophoresis, high molecular 
weight DNA is separated from rRNA by its much lower relative mobility. 
On sucrose gradients a 'background' of contaminating DNA can sediment 
with and contaminate the rRI'TA - containing regions. 
5-2 	(w/v) sucrose gradients (BDH 'Aristar') were prepared in 
150 mM lithium acetate, pH 6.0/0.1% SLS. 	2 ml of each sucrose con- 
centration, in increments of 2.5% (7 'steps') were carefully over 
layered in decreasing concentrations, by allowing the solution to flow 
under gravity through an open syring, fitted with a 21-gauge needle. 
Gradients were left to cool at L °C for several hours and to allow the 
layers to diffuse. 
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Ribosomal RNA (40-80 jig), dissolved in a volume of 0.2-0.3 ml 
10 mM lithium acetate pH 6.0/0.1% SLS, was gently layered onto each 
gradient. 	Gradients were centrifuged at 160,000 x g for 12-14 hr 
at L °C in an MSE 6 x 14 n1 swing-out rotor. 
Gradients were fractionated using 	sucrose solution by the same 
system used for CsCl gradients. 	The absorbance at 254 nrn was 
continuously monitored (LKB Uvicord II). Radioactivity of fractions, 
collected at regular intervals, was estimated by the Cerenkov procedure 
(reviewed by Parker, 1971) in an Intertechnique SL30 scintillation 
counter. An example of the rRNA fractionation with the corresponding 
radioactivity is shown in Fig. 3A. 	Fractions from the central region 
of the 2S and 18s peaks were pooled and precipitated by the addition 
of 2 volumes of ethanol and storage overnight at 4 °C. Ribosomal RNA 
was recovered by centrifugation at 3000 x g for 10 min at 0 °C and the 
pellet dissolved in 0.1 x SSC. 
Small amounts (ca. 5 jig) of 2S and 18S rRNA were fractionated 
on polyacrylarnide gels and the gels scanned, sliced and counted as 
described in the following section. 	This was an additional check 
for purity and cross-contamination of 2S and 18S rRNA, since the 
resolution of rRNA on sucrose gradients was not as complete as on 
polyacrylamide gels. 
2.4. 1.6. 	Polyacrylamide gel electrophoresis of rRNA 
The preparation of solutions, and procedure for electrophoretic 
separation of the nucleic acids were carried out according to Loening 
(1967) and as described by Hepburn (197L1.). 	Electrophoresis buffer 
(E buffer) was diluted from a 5x  stock solution containing 10 mm 
NaH2P0, 180 mM Tris, 5 N EDTA, final pH 7.6-7. 8 . 	Stock solutions of 
FItTRE 3 
The fractionation of 32P-labelled rRNAs 
A 	Sucrose gradient centrifution 
Total nucleic acid as in B was subjected to salt precipitation 
and centrifuged (LO jig) in -2cP/0 sucrose gradients as 
described in Materials and Methods. The regions used for 
reprecipitation of the 1.3 and 3.7 x 10 mil. wt. rAs are 
indicated by brackets. 
B 	Polvacrvlamide el e1ectrohoresis 
Total nucleic acid (2-5 ig) prepared from artichoke explants 
labelled with 
37
P-orthophosphate for 3 days was fractionated 
by gel electrophoresis at 50V for  3.5 hr as described in 
Materials and Methods. 	The continuous scan is the E 26 , the 
histogram the radioactivity per 1 cm slice. 	The regions 
used for the elution of the 1.3 and 0.7 x 1O 6 mol. wt. rBNAs 







acrylamide containing 150/6 (w/v) acrylamide and 0.75% (w/v) N', N—methylene 
bisacrylamid.e (BI)H, both purified for electrophoresis) were stored in 
the dark at L °C. 
Ribosomal RNA was fractionated on 2.4% (w/v) gels. 	mi stock 
acrylamide solution was mixed with 6.25 ml 5X E buffer, 19.7 ml distilled 
water and degassed in vacua by vigorous swirling (less than 30 sec). 
25 pl  N,N,N',Ntetrarnethylenediamine (TEIvLEJ)) was added, and polymerization 
initiated by adding 0.25 ml freshly prepared 1 	ammonium persuiphate 
solution. 	The solution was pipetted into 12 perspex gel tubes to a 
height of 7.5 cm. 	The gel tubes, 9 cm long x 0.6 cm internal diameter 
were closed at the bottom by a PVC support ring and stoppered with 
a short length of 2 mm diameter glass rod. 	Immediately after pouring, 
the surface of each gel was carefully overlaid with a thin layer of 
distilled water to ensure a flat surface. After polymerization for 
2 hr at 20°C, the glass plugs were removed, and the tubes mounted 
vertically between two perspex electrophoresis tanks, each containing 
500 ml E buffer/0.2% SLS. Gels were pre—run for 30 min at 50 V 
(6 ruk/gel) to remove catalysts and move SLS into the gel (Loening, 1968). 
Not more than 50 pg  nucleic acid (1 mg/ml) in electrophoresis 
buffer containing 12% sucrose and 0.2%SLS  was loaded onto each gel. 
Electrophoresis was carried out at 50 V (6 mA/gel) for 31' hr (Scott and 
Ingle, 1973). 	Gels were then washed for 30 min in distiled water, and 
scanned in a quartz cell using a Joyce Loebi U.V. Scanner. The E 265 was 
recorded on a Servoscribe potentiometric chart recorder (Fisons 
Scientific Apparatus Ltd.) geared for scans twice the gel length. 	The 
exact positions of the rRNA peaks could thus be located accurately on 
each gel by comparing the scan length (15 cm) to that of the gel (7.5 cm). 
India ink marks were made immediately in front of the rRNA peaks, 
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and the gels re—scanned. 	Gels were transferred to aliuminium boats, 
adjusted to 7.5 cm with polystyrene plugs, frozen on a flat bed of 
crushed dry—ice and stored at —10 °C until reauirei. 
Frozen gels were sliced using a Mickle gel slicer (The Mickle 
Laboratory Engineering Co., U.K.). To check the distribution of 
radioactivity, gels containing ca. 5 lag rRNA were cut into 1 mm 
slices and the slices dried onto the emulsion side of 16 mm cine film 
(Kodak Eastman, Type II, U.S.A.). 	The slices were counted on the 
film in a controlled transport system under a Geiger tube coupled to 
a programmed scalar unit (j and P Engineering Ltd., Reading), giving 
a 2:1 length ratio of the radioactivity in the gel. 	The profile 
of radioactivity was compared with that of the E26 scan as a check on 
degradation of rRNA and bacterial contamination (Fig. 3). 
The fractionation of total RNA prepared from artichoke explants, 
by either sucrose gradients or gel electrophoresis showed only the two 
cytoplasmic rRNAs, with no indication of degradation (Fig. 3A and 3B). 
The ratio of the two components determined from the areas of the 265 run 
peaks and their radioactivity was 1.8-1.9 (expected from their molecular 
weights) for all the preparations. 
To elute radioactive rRNA, 0.2 mm slices were removed from the 
centre of the 2S and 18S rRNA peaks and incubated for 2 hr at 5 0 C 
in 1 ml 6 x SSC. The eluate was passed through a sintered glass filter 
to remove any gel particles. Gel slices were washed for a further 15 mm 
at 50 C in 6 x ssg and the filtration repeated. Ribosomal RNA was 
collected by centrifugation at 120,000 x g for 16 hr at L °C in an 
MSE 10 x 10 Ti angle rotor. 	The drained rRNA pellet was dissolved 
in 0.1 x SSC and stored at —40 0 C. 	2S and 18s rRNA were kept as 
separate fractions until required for hybridization experiments. 
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2.1.. 1.7. 	Specific activity determination 
The absorbance profiles from 220-3 20  nm and A 260 values of 
purified rRNA were measured. Triplicate 5- 10 yl aliquots of the 
25S and 18S rRNAs were dried onto Millipore filters and counted in 
10 ml scintillant. Knowing the rRNA concentration, the specific 
activities of the 25S and 18S rRNAs were calculated. The two 
values did not differ by more than 2-69o' . 
2.4. 2. 	In vitro labelled rENA 
2..2.1. 	Labelling rENA with - '  ±~ -ATP 
This experimental procedure was modified from those described 
by Donis Keller et al. (1977) and Naizels (1976). The principle 
of the technique is: Ribosomal RNA is treated with phosphatase, or 
subjected to mild alkaline hydrolysis to generate hydroxyl groups. 
5' hydroxyl groups of the rENA as substrate are labelled by poly-
nucleotide kinase with the'-orthophosphate group of high specific 
activity adenosine 5 '-'-P triphosphate. 
Unlabelled rENA was prepared and fractionated exactly as previously 
described, but without culturing the artichoke tissue. For phosphat-
ase treatment, L. jü E.coli alkaline phosphatase (Boehringer Mannheim) 
was added to 200 jIl 10 mM Tris, 1 mM EDTA, pH 7.5 containing 30-100 jig 
rENA and the solution incubated for 1 hr at 37 ° C. The reaction was 
stopped and the solution deproteinized by gentle mixing with 200  Ill 
phenol mixture for 2 mm. The phases were separated by centrifugation 
at 10,000 x g for 5 min at 4
0
C. 	The aqueous phase was re-extracted 
with phenol and added to a dialysis tube, pre-treated as described in 
Section 2.6. 	The solution was dialyzed at L °C for 6 hr against 
11 10 mM Tris, pH 7.5, 0.5 M NaCl to remove EDTA, then overnight 
against 11 2 mM Tris, pH 7.5, to remove NaCl, and the volume reduced 
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to 35 F- in vacuo. 
For alkaline hydrolysis, 30-100 ig rRNA in 200 1 50 mI Tris, 
pH 9.5, was hydrolyzed at 90°C, 25S rRNA for 40 min and 18s rRNA 
for 20 mm. 	These conditions were designed by Maizels (1976) to 
hydrclyze 25S and 17S rRNAs of Dictyostelium discoideum to an average 
size of about 60 bases. 
Hydrolyzed rRNA was precipitated by addition of 1/5 volume 
1 N sodium acetate, pH 5.0 and 2 volumes of ethanol. After 40 mm 
at -70°C, the precipitate was recovered by centrifugation at 10,000 x g 
for 5 min and dried in vacuo. 
After phosphatase treatment or alkaline hydrolysis, the buffer 
was adjusted to 10 mM Tris, pH 7.5, 1 mM spermidine and 0.1 mM EDTA 
in 35 p-l. The solution was heated at 60 0 c for 30 mm, then chilled 
on ice. 
Adenosine 5'-1-32P triphosphate, triethylammonium salt of high 
specific activity (3000 Ci/m mol) was obtained from the Radiochemical 
Centre, Amersham, and stored in 501/6 ethanol at -20 0C. 	3 ml glass 
tubes, soaked overnight in chromic acid, were siliconized by immersing 
in 'Repelcote' for 30 mm (Hopkmn and Williams) 	(a 	solution of 
dimethyldichiorosilane in 1,1,1-trichloroethane). 	100 iCi of isotope 
was dried in vacuo in each of two tubes. 	The reaction mixtures for 
kinase labelling were prepared in :hese tubes. 	To 35 l of rRNA 
solution, were added 5 pl 10 x kinase buffer (0.5 M Tris, pH 9.0, 
0.1 N MgC1 2 , 0.05 N dithiothreitol), 8 j.il sterile distilled water, 
1 F1 0.1 mM ATP (diluted from 0.1 N AT?, stored at -20
0 c) and 1 p1 
polynucleotide kinase (gift of K. Murray, purified from T4 according 
to Panet et al., 1973). 	This gave a ca. 3-fold excess of odd. ATP 
in 3 x 10 N total concentration. 
The reaction mix was incubated at 37°C for 60 mm, and the 
reaction stopped by heating at 70 °C for 1 mm. After addition of 
12 	'column buffer' (10 mM Tris, pH 7., 1 mM EDTA, 100 mM NaCl), 
the aqueous phase was extracted with phenol mixture, and finally 
with an equal volume of diethyl ether, to remove residual phenol. 
After centrifugation for 3 min at 10,000 x g and 4°C, the upper 
(ether) phase was removed, and residual ether evaporated at 70 °C for 
2 mm. 
2.4. 2.2. 	Separation of labelled rRNA from unincorporated isotope 
10 ml columns of Sephadex G0 (medium grade) were washed with 
2 volumes of column buffer. Radioactive rRNA was layered onto the 
top, immediately followed by a small volume of Orange G dye dissolved 
in a Sephadex G0 slurry. 3 drop fractions were collected and 
radioactivity detected by Cerenkov counting. Unincorporated 32P- ATP 
(mol. wt. 07)  eluted from the column just ahead of the Orange G 
(mol. wt. 42). The separation of rRNA from unincorporated isotope 
is shown in Fig. L . Appropriate fractions were pooled and their 
absorption spectra scanned between 220-320 nm. Since some contamination 
of rRIIA with unincorporated isotope is inevitable, this was estimated. 
Duplicate aliquots of rRNA were dried onto glass microfibre filters 
(Whatman GF/C) with 12 j.'g  yeast RNA as cold carrier, and counted in 
scintillant. Filters were washed in toluene, twice for 10 min in 200 ml 
% trichioroacetic acid, :hen again for the same time twice in 200 ml 
1:1 (v/v) e -thanol:diethyl ether, and once for 5  min in 100 ml diethyl 
ether. Filters were recounted in scintillant and the difference in 
radioactivity assumed to represent contaminating isotope. The latter 
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Separation of in vitro 32P-labelled artichoke rRNA from 
unincorDorated 2P-ATP b column chrDrnatcraDhv 
In vitro 32P-labelled rRi\TA was prepared as described in 
Materials and Methods. Separation from unincorporated isotope 
was achieved by chromatography on 10 ml Sephadex G-0 columns. 
The apparently higher mobility of the 25S compared to 18s rRNA 
does not reflect a corresponding mol. wt. difference, since 
more fractions were collected from the column loaded with 2S 
rRNA than that loaded with 18s rRNA prior to the fractions shown 

















varied from 8-201/6, and the rRNA specific activity value was 
correspondingly reduced. 	60% of the 2S and 18S rRMA used for 
labelling was recovered from the column. 	2S rRNA incorporated 
about 30/ of the total isotope in the incubation mix, 18S rRNA, L. 
In three preparations, the specific activity of 18S rRNA was ca. 
greater than that of 2S rRNA and was reduced by addition of unlabelled 
18S rRNA. The reasons for this differential labelling are unknown. 
Interestingly, Friedrich (personal communication) found when labelling 
soybean rRNA by iodination with 
1251, that the specific activity 
of 18S rRNA was up to five times greater than that of 2S rRA. 
2.. RibosomalRNA/DNA hybridization 
The methods used for hybridization were essentially according to 
Scott and Ingle (1973). 	13 mm nitrocellulose filters cut from large 
sheets (Millipore HAWP 293  mm, and in earlier experiments, Schleicher 
and Schhl Selectron - Filter Type BA85 293 mm) with a punch, were 
numbered with a soft pencil, wetted in 2 x SSC, and soaked overnight 
in 2 x SSC. 
2.. 1. 	Loading nitrocellulose filters with DNA 
After purification on CsC1 gradients, the DNA pelleted overnight 
was then adjusted to a concentration of 28-0 j.ig/ml in 0.1 x SSC. 
DNA was denatured for 15  min at room temperature by the addition of an 
equal volume of 1 N NaOH. The solution was neutralized, and the salt 
ccncentration increased by the addition of four volumes of a 2:1:1 
mixture of 3 N NaCl, 1 N HC1, 1 N Tris (pH 8.0). 
Filters were placed in the bottom half of a Millipore Swinnex 
13 mm filter holder with a gasket on either side. A perspex cylinder 
with about L. ml capacity screwed into the holder. 	A drain tube 
inserted through the filter allowed the solution to flow through the 
filter under gravity. 	3 ml of a 2:1:1:1:1 mixture of 3 M NaCl, 1 N 
NaOH, 1 N EC1, 1 M Tris pH 8.0, 0.1 x SSC ('neutral mix') ws run through 
each filter before loading with DNA. 
14-2 ig denatured neutralized DNA in 3 ml was loaded under 
gravity onto each filter. Filters were then washed with 1 ml neutral 
mix, allowed to drain, and air dried. 	Under these conditions, if 
20 ig DNA was loaded onto a filter, 18 ± 0. 	g (9c) was retained 
and 17 ± 0.5 ig (8 1/6) was present on the filter after hybridization 
(up to 18 hi'). 	At least four filters were treated in exactly the same 
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way, but not loaded with DNA. These blank filters served as a check 
on non-specific binding of rRNA during hybridization. 
Individual fractions of DNA from an analytical CsC1 gradient 
were diluted to 0. 5 ml with 0.1 x SSC. The position of the DNA peak 
was ascertained by A 260 measurement of the relevant fractions. Each 
fraction was then alkali denatured, neutralized and loaded onto a 
nitrocellulose filter as above. 
2.. 2. 	Hybridization 
Filters were stored at room temperature until required for 
hybridization, normally for no more than 10 days. Immediately 
prior to hybridization, filters were baked for 2 hr at 80 °C in vacuo. 
All hybridizations were carried out in 6 x SSC at 70 
0C. These 
conditions allow saturation hybridization levels to be reached at 
a stringent temperature in a reasonable time. The amount of rRNA 
probe used for each hybridization was dependent on the total amount 
of DNA hybridized. 
A mean saturation hybridization value of 0.3% was assumed for 
B. oleracea DNA. On this basis, the approximate amount of rDNA available 
for hybridization was calculated and the final amount of rRNA used was 
a 20-fold excess over this. 	In practice, as low as a 4-fold excess 
of rRNA had no effect on the saturation value, but the former value 
was used routinely. 
The ap;ropriate amounts of radioactive 2S and 18S rRNA were 
mixed in 2:1 ratio (approximating to the 1.9:1 mol.wt. ratio of the 
rRNAs in vivo) to give a final concentration of 3.5 )lg/ml in 6 x SSC. 
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All glass vials and vessels used for hybridization were routinely 
soaked overnight in chromic acid to remove any traces of ribonuclease 
activity. 	The hybridization solution was kept on ice until required. 
After baking, filters were carefully wetted and submerged in the 
rRNA solution. The solution was covered with a thin layer of liquid 
paraffin, the vessel tightly stoppered, and hybridization allowed to 
proceed at 70°C. Where different concentrations of rRNA were used, 
hybridization was carried out for a time sufficient to achieve 
saturation at that concentration (Scott and Ingle, 1973). 	For 
hybridization over a time course, filters were added sequentially to 
the rRNA solution over the time period, and removed together at the 
end. 	In this case, the hybridization vessel was closed firmly with 
a stopper wrapped in foil, since liquid paraffin hindered wetting of 
filters added during the time course. No detectable loss in volume 
of the solution occurred during the hyiridization. 
Hybridization included four replicate filters of each DNA sample, 
as well as four blank filters. 	In addition, four replicate filters 
were included of a DNA preparation which served as an internal standard, 
usually artichoke and B. oleraceacv. All the Year Round cauliflower 
DNAs. These DNAs served as a 'reference' for hybridizations with 
different DNA and rRNA preparations. 
After hybridization, filters were removed and washed three times 
in an excess of cold 6 x SSC. 	Filters were batch washed in 6 x SSC 
(30 filters/100 ml) on a magnetic stirrer, at room temperature for 
15 mm. 	This was followed by two washes of 10 min each in 2 x SSC. 
For the last wash in 2 x SSC, 10 }lg/ml DNAase—free RNAase was included 
(prepared as for DNA preparation). 	After exactly 15 mm, filters 
were finally rinsed in a small volume of 2 x SSC, excess moisture removed 
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on tissues and the filters dried in vacuo at 80° c for -10 mm. 	Filters 
were coun in 8 ml of a scintillation cocktail (o.L% w/v 2 [L_tert_ 
butylphenyJ_4_biPhenYlyiJ-1-3-14 oxadiazole, in toluene) for 10 mm 
in an Intertechnique SL30 liquid scintillation counter. 
After scintillation counting, filters were rinsed in chloroform 
and then batch-washed (30 filters/100 ml) for 10 ruin each in three 
changes of chloroform to remove residual scintillant. 	Filters were 
dried briefly in vacuo at 80 ° c, and the DNA on each filter hydrolyzed 
in 1 ml 1 N HC1 at 100°C for 15 ruin. 	Tubes containing filters were 
covered by marbles to minimize evaporation losses. After DNA hydrolysis, 
tubes were cooled and briefly centrifuged at low speed to remove 
condensed water on the sides of the tubes. 	The A260 of the hydrolyzed 
DNA was measured, assuming 1 mg/ml hydrolyzed DNA = A 260 27.8 (Brown 
and Weber, 1968). 	The amount of radioactivity on filters was corrected 
for the non-specific binding of radioactivity to blank filters. 
Blank filters normally bound less than % of the radioactivity of filters 
loaded with DNA. The % hybridization value was calculated, knowing 
the amount of DNA on the filter, the radioactivity hybridized and the 
specific activity of the rENA. 
2.. 3. Melting of rRNA/DNA hybrids 
This was not a routine procedure, but was used initially when checking 
hybridization conditions. The thermal stability of the rENA/DNA hybrid 
gives a measure of the fidelity of base pairing. As the temperature 
is increased, a sharp transition occurs over a relatively small 
temperature range where most of the rRNA is released from the hybrid. 
The temperature at which 	of the hybrid has dissociated, the 'melting 
temperature', is characteristic of the salt concentration, the 
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solvent and the fidelity of base pairing. Under non—stringent 
hybridization conditions, where poorly—matched hybrids may form, 
the melting prcfile is broad and the melting temperature reduced. 
After hybridization, filters to be melted were processed in the 
normal way. Two out of four replicate filters were hydrolyzed, and 
rRNA/DNA hybrids of the other two melted after a brief wash in 0. 
x SSC. 	The hybrid was melted in 0.5  x SSC, a concentration compatible 




0 	 0 intervals, between L0 C and 100 C, with 10 min for thermal 
equilibration at each temperature, the filter was placed in 2 ml fresh 
0.5 x SSC in a scintillation vial, previously equilibrated for 5 mm 
at that temperature. The volume of the solution was increased to 
10 ml and the release of radioactivity at each temperature monitored 
by Cerenkov counting. At the end of this procedure only 1-3 1/6 of the 
original radioactivity remained on the filter. 
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2.6. 	Restriction enzyme studies on Brassica rDNA 
2.6. 1. Introduction 
Most restriction enzymes are bacterial in origin, and form part 
of a host restriction-modification (R-M) system (Arber, 1974). 	The 
in vivo function of the enzyme is to cleave any invading viral or 
foreign DMA. 	In order to protect the host DNA from attack however, 
the enzyme has a second, modifying activity, which normally methylates 
all the host target sequences to prevent autodigestion (Arber, 1974). 
Class II restriction endonucleases recognize specific double stranded 
deoxyribonucleotide sequences, usually 4-6 bp long, in the 5' - 3' 
direction, and cleave both strands of the DNA wherever such a recognition 
sequence occurs. 
More than 70 restriction enzymes have been isolated (Roberts, 1976), 
and many are useful in DNA analysis. A tetranucleotide restriction 
enzyme recognition sequence occurs on average every 250 bp, but the 
chance occurrence of a hexanucleotide recognition sequence decreases 
to once every 9000 bp. However, if a family of repetitive sequences 
contains a recognition site, each fragment resulting from cleavage of 
the sequence will have the same or similar molcular weight. A 
restriction enzyme DNA digest can then be fractionated by electrophoresis 
on an agarose, polyacrylamide, or composite agarose/polyacrylamide gel, 
depending on the molecular weight range of the restriction fragments 
(Nathans and Smith, 1 975). 	The fractionated DNA fragments after 
staining with ethidium bromide, can be visualized under UV light 
(Sharp et al., 1973). 
After electrophoresis, DNA restriction fragments can be transferred 
from the gel to a nitrocellulose filter and hybridized with radioactive 
probes to locate specific DNA or structural gene sequences (Southern, 
1 975b). 
2.6. 2. 	Purification of DNA 
DNA for restriction enzyme analysis required further purification 
after the normal procedures. Small amounts of contaminating material, 
possibly traces of caesium, seriously affected the restriction process. 
Therefore, after purification on CsC1 gradients, and pelleting overnight 
DNA was dissolved in 1 x TE (TE is 10 mM Tris, 1 mM EDTA, pH 8.0), and 
dialyzed against several changes of the same buffer at L °C for 12 hr. 
(All dialysis tubing was pre—treated by boiling for 1 hr in 50 mM NaHCO 3 , 
15 mM EDTA, to leach out sulphurous impurities and inactivate any 
residual nuclease. Tubing was washed by boiling for 30 min in 
distilled water.) DNA was reprecipitated with 2 volumes of ethanol 
after addition of 1/20 volume 0.5 M NaCl, pH 4.8. 	After 2 hr at —20 °C, 
DNA was pelleted by centrifugation in an MSE 6 x 5.5 swing—out rotor for 
3 hr at 50,000 x g. 	The DNA pellet was dissolved overnight in 0.1 x TE 
at a concentration of 0.5 - 1.0 mg/m.1 by agitation on a Gallenkamp 
microid flask shaker, set at low speed. 
Most experiments using restriction enzymes were with total DNA. 
Total and nuclear DNA preparations from leves of marrow stem kale 
(B. oleracea) gave identical fragment patterns after digestion with 
restriction enzymes, showing that there was no significant contamination 
of total DNA with plastid DNA. 
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2.6. 3. 	Restriction enzymes 
The res:riction enzymes used in this study are shown in Table 6. 
Enzymes were stored in 0% glycerol at -20° C, except Hind III, which 
was kept in frozen solution at - ° C. Digestion with EcoRI was in 
25 m1't Tris, 50 mM NaCl, 5 mM MgC12 , pH 7.2. 	To avoid non-canonical 
activity of EcoRI, designated EcoRI*, in which the enzyme recognizes 
only the 14 internal nucleotides-AATT - of the normal hexanucleotide 
sequence (Polisky et al., 197), in later experiments the NaCl 
concentration was increased to 100 mM. 	Hae III digestions were in 
6 mM Tris, 6 mM NaCl, 6.6 mM MgCl 2 , pH 7.14, Hind. III digestions in 
7 mM Tris, 50 mM NaCl, 8 inN MgC1 2 , pH 7.. Digestion with Thol was 
in 10 mM Tris, 50  mM NaCl, 5 mM MgCl 2 , pH 7.5. 	Barn HI digestions 
used the same buffer as EcoRl. 1 mM 2-mercaptoethanol was present 
in all digestions to maintain a reducing environment. 
3-6 'g  plant DNA or 0.5 g bacteriophage DNA in 0.1 x TE, after 
addition of 1/10 final volume of the appropriate lOX strength digestion 
buffer, was thoroughly mixed with restriction enzyme. Incubation mixtures 
(8-15 i) were stored on ice prior to digestion. 	Samples were 
incubated at 37°C,  in sealed 1.5 ml Eppendorf tubes, normally for 
3-6 hr, but with low enzyme activity up to 20 hr. 
Reactions were stopped by heating the incubation mix at 70 
0C for 
mm, and samples stored on ice prior to electrophoresis (Murray and 
Murray, 1 9714). 
2.6. 14. 	Digestion completeness 
A critical factor in interretaion of restricsion enzyme data 
is the completeness of digestion. Factors affecting this are DNA 
and enzyme purity, and the digestion conditions. 
TABLE 6 
Restriction endonucleases and their recognition sequences 
EcoRI, Hae III and Hind III were gifts of Dr. E. N. Southern, M.R.C., 
Mammalian Genome Unit. 
Barn HI was supplied by Dr. A. A. Gatenby, Molecular Biology Department, 
Edinburgh. 
XhoI was su;plied by Dr. J. F. Atkins, formerly of the Molecular 
Biology Department, Edinburgh. 
M.G.U. - M.R.C. Mammalian Genome Unit, King's Buildings, Edinburgh. 
Mol. Biol. - Department of Molecular Biology, King's Buildings, 
Edinburgh. 
Nomenclature of restriction enzymes is according to Smith and 
Nathans (1973). In the text, Class II restriction endonucleases 
are abbreviated to EcoRI, Rae III etc. as in common usage, and are 
referred to as restriction enzymes. 
TABLE 6 
Enzyme Bacterium Recognition Sequence Source Reference 
Endo. R. Baic HI Bacillus amyloliquefaciens H GGATCC Hal. 	Bici, Hedgpebh et ai.( 1 970) 
Endo. R. EcoRI Escherichia coil RY 13 GAATTC M.G.U. Greene et al. 	(1974) 
Endo. R. Hae III Haeinophi lus aegyptius ACC N .G .11. 
unpumand 	ii 	ii ti ca- 
tion of Middleton 
A al. 	(1972) by 
H. 	Cooke 
Endo. H. hind Iii Haernophiius influenzae Rd AAGCTT M.G.U. Cooke, 	197 
Endo. R. XhoI Xanthomonas holicola c4TCGAG Hal. Biol. Gingeras 	etal.,1978 
Wherever a defined fragment pattern could be obtained (EcoRI, 
Hind III, Barn HI) restriction enzymes were incubated t different 
concentrations for different incubation times with )DNA (,\ci 87 , gift 
of K. Murray), and if possible with the plant DNA. A typical assay 
of EcoRI is shown in Fig. 5. 
Because eukaryotic DNA may contain impurities not present in 
prokaryotic DNA, in later experiments 0. 5 igDNA was ad.ed to the 
digest. The appearance of the expected fragment pattern superimposed 
on that of the plant DNA showed that digestion was complete, since 
any impurities should inhibit digestion of both DNAs. 
As a general rule, 4-6 times the amount of enzyme needed to digest 
the DNA was added to the plant DNA. Samples of unrestricted plant 
DNA (1-2 )ig) were routinely electrophoresed on agarose gels, and 
normally had an average mol. wt. of >10 x 10 d. 	DNA preparations 
which were smaller than this due to shearing or nuclease activity were 
not normally used, since high molecular weight restriction fragments 
can be under—represented or, in extreme cases, missing completely. 
2.6. 5 . 	Agarose Gel Electrophoresis 
Gels were cast between two 20 x 20 x 0.3 cm glass plates 
(de Wachter and Fiers, 1971). The plates were separated by two 3 mm 
thick, 12 mm wide perspex spacers. 	A perspex comb with 0.3 - 0. 5 cm 
wide slots was placed along the bottom edge of the plates, the spacers 
and comb sealed to the plates by silicone vacuum grease and the assembly 
clamped. 	1-3% agarose gels were prepared by dissolving the appropriate 
amount of agarose (Type I low o, Sigma) in 120 ml boiling electro-
phoresis buffer (composition as for polyacrylamide gel electrophoresis). 
The solution was swirled and boiled for ca. 1 mm, then cooled slowly 
FIGURE 
Digestion of Xci 87 DNA with EcoRI 
J. ig\DNA was digested with different amounts of the enzyme 
preparation for the times indicated. 
0.2 p1 EcoRl, 3 hr. 
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to 60°c. Gels were poured between the glass plates and topped up 
in the initial stages of setting, since cooling caused the agarose 
to shrink from the top of the assembly. 	After allowing the gel to 
set for 1-1- hr, the gel assembly was inverted, the comb removed under 
electrophoresis buffer and the slots filled with buffer. The gel 
stood on top of 3 layers of chromatography paper (Whatman 3 mm, 0.85 mm 
medium flow rate) in a tank containing 11 electrophoresis buffer. 
Samples we:- e loaded after heating at 70 °C (15-30 sec) and m.xing 
with j - 1 volume of buffer containing 50 inN EDTA, 0.1% SLS, 0.005% 
bromophenol blue and 0.2 1/6 molten agarose. 	EDTA and SLS inhibit 
nuclease activity, the dye acts as a visible molecular weight marker 
during electrophoresis and the addition of agarose helps to pr-vent 
the phenomenon of 'edge-tailing'. 
After loading, a wick 0 sheets of chromatography paper the width 
of the gel, soaked in buffer, inside a polythene sleeve) was inserted 
so that one edge was in contact with the top of the gel. The other 
end of the wick dipped into a tank containing 11 electrophoresis 
buffer. 	Electrophoresis was at 1.0 - 2.0 mA/cm width of the gel 
for 14 - 20 hr, and was stopped when the bromophenol blue marker had 
run - the length of the gel. 
periodically re-circulated. 
The buffer in the two tanks was 
After electrophoresis the two plates containing the gel were 
separated and the gel stained for 30 min in 500 ml freshly diluted 
electrophoresis buffer containing 0.5 ig/ml ethidium bromide. 	The 
stained gel was photographed (from above) under tflT light (254 nm) with 
a Polaroid tPL Land camera fitted with a red gelatine filter, using 
Ilford FPL film. 
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2.6.6. 	Determination of Mr values of restriction fragments 
To calculate the size of DNA restriction fragnents nm on agarose 
gels, molecular weight markers are necessary. Accurate determination 
of molecular weights requires sizing the fragments by sucrose gradient 
sedimentation analysis, therefore the fragment sizes given in the 
results section are molecular ratios (Mr). 	Initially melon (cumis 
melo) satellite I DNA or total B. olercea DNA, digested with Hind III 
were used for calibration purposes. These DNAs give an arithmetic 
series of fragments based on oligomers of a monomer 360 bp and 180 bp 
repeat respectively. 	In later experiments, EcoRI, EcoRI/Hind III 
digests of X DNA, or a combination of these were used as molecular weight 
markers allowing more accurate size determinations of the larger fragments. 
Plotting log fragment size of XEcoRI or EcoRI/Hind 111-digested 
DNA against mobility gave an approximately linear relationship over 
the Mr range 2.2 - 7.0 x 1O6 but this deviated above 7 x 10 (Thomas 
and Davies, 197). 	On 1. -20/6 gels, the log mobility of Hind III 
digests of melon satellite I or B. oleracea DNA was linear up to the 
largest detectable oligomer. 	The linearity on 1% gels, used in many 
analyses deviated below 0.7 x 10 6d. Examples of calibration curves 
for the fragment patterns produced with > and B. oleracea are shown in 
Fig. 6. The curve forX DNA coincides exactly with that of the 
plant DNA, but the deviations from linearity at either end of the scale 
made determination of Mr values less accurate. Digestion of 
Brassica DNA with Hae III gave small rDNA fragments. These were 
normally fractionated on 1. - 2 1/6 gels, where the deviation of 
mobility from linearity was much reduced (Fig. 6). 
The Mr value of the Brassica DNA Hind III monomer was determined 
in two ways: 
FIGURE 6 
Semi-logarithmic calibration graph for Mr determination of 
restriction fragments on agarose gels 
Results show the comparative mobilities of XCI 87 DNA EcoRI 
fragments (circles) and B. oleracea (var. marrow stem kale) DNA 
Hind III fragments (triangles) on a 1% agarose gel. 
The diagonal line indicates the junction of overlap between 
the mobilities of XDNA and B. oleracea DNA fragments. The 
mobility of marrow stem kale DNA Hind III fragments on a 2% 
agarose gel is also shown (squares). 
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The size of the melon Hind III repeat monomer was determined 
relative to mouse satellite DNA digested with EcoRI assuming a 
monomer repeat unit of 2140 bp (Southern, 1 975b). The Mr of Brassica 
Hind III fragments was then calibrated relative to those of melon 
satellite I. 
The log mobility of Brassica DNA Hind III fragments was 
plotted against repeat number, assuming a monomer size of 180 bp. 
The known size of the EcoRI fragments was converted to repeat number 
and interpolated on the graph assuming that each X DNA fragment is an 
'oligomer' of 180 bp. 
A problem still existed due to the limited overlap of X EcoRI 
and Brassica Hind III fragments, so that the curve had to be extra-
polated to higher repeat numbers. 	Nevertheless as shown in Fig. 7 
there was a good agreement between mobility and repeat number. Even 
at the point above which linearity between log mobility and fragment 
size (repeat number) deviated (5 x 106d), there was still a 9/o 
correlation. 	It seems reasonable to conclude that the monomer size 
of Brassica Hind III repeat is 180 + 20 bp. 
Each gel normally contained as molecular markers e:therXEcoR1 
and B. oloracea Hind III digests orXEcoRI/Hind III double digests. 
To construct calibration graphs the mobility of fragments was measured 
by projecting an enlarged image of the gel photograph. To determine 
Mr values of rRNA/DNA hybrids on autoradiographs, the gel photograph 
magnified to the size of the original gel was aligned with the gel 
image. 
FIGJP.E 7 
Calibration of monomer size of Hind Ill-digested 3rassica 
DNA from known sizes of EcoRI XCI 87 DTA fmients 
The fire shows a semi-logarithmic calibration graph constructed 
from the mobilities of the Hind-Ill-cleaved Brassica DNA repetitive 
sequence. 	The broken line is an extrapolation of the graph. The 
vertical broken lines represent the interpolation of >CI 87 D[A 
EcoRI fragments on the graph, assuming that each is an oligomer 
of 180 bp. 	The % similarity to the expected value is shown above 
each line, and the value in brackets represents the size (kbp) of the 
XDITA EcoRI fragment. The largest (21800 bp) >EcoRI fragment 


























2.6. 7 	Transfer of DNA fraents to nitrocellulose filters 
For transfer of the DNA fragments from the gel to nitrocellulose 
filters, a slight modification of the procedure developed by Southern 
(1975b) was adopted. 	The gel was soaked in 0.2 N NaOH, 0.5 N NaCl, 
0.02% thymol blue for 30 min to denature the DNA. Penetration of 
alkali throughout the gel was checked by viewing the cross—sectional 
area which was stained a uniform blue throughout after denaturation. 
The gel was then transferred to 1.5 N sodium acetate, pH 5.0 for 
30 mm, and neutralization checked by the disappearance of blue 
stain. 
The transfer apparatus was set up as illustrated in Fig. 8. 
A perspex lid (24 x 12 x 1 cn was placed in a polythene tray and the 
tray filled to just below the top of the lid with ca. 400 ml 10 x SSC. 
A glass plate rested on top of the perspex. 	3 layers of chromatography 
paper (Whatman 3 mm, 0.85 mm, medium flow rate), soaked in 10 x SSC, 
were laid over the glass plate so that the edges of the paper dipped 
in the 10 x SSC reservoir on 2 sides. After removing air bubbles 
trapped between the layers of chromatography paper, the gel was slid 
onto the soaked paper on top of the glass plate. A sheet of Schleicher 
and S0hhl :itrocellulose filter (as used for quantitative hybridization) 
was cut to exactly the size of the gel. 	The filter was wetted with 
0.1% SLS solution and aligned on top of the gel. 	Care was taken to 
expel any air bubbles trapped between the nitrocellulose sheet and the 
gel. Glass plates were placed on either side of the tray such that 
the edge of each plate was ca. 2 mm from the edge of the gel, and 
resting on the paper wick. 5 sheets of dry chromatography paper 
were aligned over the nitrocellulose sheet. 	Two parallel stacks of 
FIGURE 8 
Diagram of the apparatus used to transfer DNA restriction 
fraents from arose gels to nitrocellulose filters 













paper towels were placed on top of the filter paper, a glass plate 
on top of these aligned with the lower glass plate, and the towels 
and chromatography paper weighted down on top of the gel. When 
buffer had soaked through most of the towels, the upper layer of 
towels was replaced, maintaining the flow of buffer through the 
gel. The buffer reservoir was maintained by additions of 10 x SSC 
and for maximum efficiency of transfer the process was continued 
for 16 - 24 hr (Southern, 1975b). 
After transfer, the nitrocellulose filter was marked, carefully 
peeled off the gel and soaked in 500 ml 2 x SSC for 15 mm. Excess 
moisture was blotted from the filter which was air-dried between 
tissues and stored at room temperature. 	The gel was re-stained with 
0.5 ig/ml ethidium bromide, and the gel and filter examined under 
tfll light to check the completeness of transfer. 	Often small amounts 
of high molecular weight DNA fragments could still be seen near the 
top of the gel (Southern, 1 975b). 
2.6. 8. Hybridization of rRNA to DNA restriction fragments 
Nitrocellulose filters were baked in vacuo at 80 °C for 2 hr 
immediately prior to hybridization. The filter was wetted with 
0.1% SLS and one of two procedures followed. 	In the first, a strip 
of filter representing -7 lanes on the original agarose gel was 
transferred to the inside of a 1" - 2" dialysis tube 10 - 15 cm 
longer than the filter, using a perspex rule to 'transport' the filter. 
All dialysis tubing was pretreated as previously described. After 
tying off one end of the tube 5 ml 32P-rRNA in 6 x SSC was added, 
(a 2:1 ratio of 2S:18S rRNA, 2 ).lg/ml or, for competition studies, a 
:1 ratio of unlabelled competitor to labelled rRNA with the labelled 
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rRNA at 2 }lg/ml) and the bag tied off. The enclosed filter was 
hybridized for 6-8 hr in 21 6 x SS-'C at 70 °C. 
In the second procedure, which was found to be more convenient, 
the wetted filter was wrapped around a Teflon insert which fitted 
into a 100 ml measuring cylinder with a small (o.00 in) clearance. 
The wetted filter, wrapped round the Teflon was carefully inserted into 
the measuring cylinder and completely immersed in 3-5 ml rENA solution. 
The solution was overlaid with a thin layer of liquid paraffin and 
the top of the cylinder enclosed in foil. 	Hybridization was under 
the same conditions as for the first procedure. With each method 
at approximately 1 hr intervals, the dialysis bag was agitated to 
remove accumulated air bubbles and circulate the rENA solution or the 
Teflon insert rotated to achieve the same effect. 
After hybridization, filters were washed in 11 6 x SSC at 70° C 
for 20 mm (up to 15 gel lanes/l) with periodic swirling. 	Excess 
buffer was blotted with tissues and the procedure repeated.. 	Finally, 
the filters were washed in 2 x SSC for 5  min at room temperature, 
blotted dry and allowed to air dry overnight between tissues. 
2.6. 9. 	Autorad.iography 
Filters were autoradiographed by sandwiching between two single 
layers of'mediwipe' tissue stretched over a glass plate. A sheet of 
X-ray film (Kodak, Blue Brand) was inserted below each sheet of tissue. 
A second glass plate was clamped on top of the first and the film 
exposed in the dark for 2-10 days. 
To enhance detection of rENA/DNA hybrids, filters were exposed 
to pre-sensitized Kodak X_OIVIAT H X-ray film, using indirect auto- 
radiography (Laskey and Mills, 1977). 	Film was exposed to a 10r sec 
flash from a Sun-Pak GT-3 2  flashgun through an Ilford 5902 filter 
covered with a sheet of Whatman No. 1 filter paper, positioned 8-8*" 
above the film (Laskey and Mills, 197). 	The film was placed between 
two tungstate screens (CAWO-Universal, Kodak) in a Kodak X-ray film 
cassette and exposed for 1-14 days at -70 ° C. 	Use of this technique 
resulted in only a slightly impaired resolution compared to direct 
autorad.iography, as described by Laskey and Mills (1977) 
2.6. 10. 	Scanning of gel photographs and autoradiographs 
Gel photographs and autoradiographs were scanned using a Joyce-
Loebi I'llc III C microdensitometer. 	The background density varied due 
to randomly restricted DNA sequences, unrestricted DNA of varying 
molecular weight and uneven distribution over the gel of UV light used 
for photography. A good estimate could usually be made of the 
proportion of the total DNA on the gel represented by the Hind III 
fragment patterns, but the densitometer could not resolve and 
quantitate accurately the more complex patterns produced by other 
enzymes. 
The problem of varying background was removed to a large extent 
on hybridization, since the only bands present on autoradiographs 
should be rRNA/DNA hybrids. Some non-specific 'background' binding 
did occur but this was low in most experiments. The main problems 
encountered with quantitation of autoradiograph bands were the 'tailing' 
of peaks on the scans, necessitating the estimation of the 'cut-off' 
for each peak. This was so even when fragments on the autoradiogTaphs 
were apparently well-resolved. 
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Scans of gels and autoradiographs were traced onto paper of 
uniform density, the peaks cut out and weighed. The amount of 
DNA represented by a band on the gel was measured relative to the 
total DNA. For autoradiographs, the amount of rRNA/DNA hybrid 
in a band was measured relative to the total hybrid. Background 
subtractions were made in both cases. 
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SECTION 3: 
RESULTS AND DISCUSSION 
3.1. 	Feulgen microdensitometry 
3.1. 1. 	iucer LI anouns 
The LilA amounts in Feuigen-stained telophase nuclei of young root 
tip cells were measured for the three Erasioa species, relative to 
nuclei of the 'standard' species, Hordeum vulsare cv. Sultan, as 
described in materials and methods. 	The density values and calculated 
2C nuclear DNA amounts are shown in Table 7. 
The mean 2C values for the DNA in B. oleracea (1.7 pg), B. campestris 
(1.6 pg) and B. napus (3.2 pg) agree well with the published values of 
Bennett and Smith (1976) and Verma and Rees (1974). These workers 
obtained corresponding values for the throe Brassica species of 1.8, 
1.6 and3.2  pg, respectively. Analyses of variance of the data used 
to derive the values of Table 7 showed no significant differences 
between the 2C DNA values of several cultivars or varieties of 
B. oleracea. 	Verma and Rees (1974) and Timmis (unpublished data) 
could find no signficant variation in the amount of nuclear DNA between 
varieties of diffeent Brassica species. 	Bennett and Smith (1976) 
have reviewed the work on intraspecific variation in DNA amounts. 
Apart from the well-documented exception of flax and possibly a few 
other species, much of the data purporting to show such variation is 
open to doubt or has been found to be unreproducible (Dhillon et al., 
1977). 	Therefore, the lack of significant differences in the 2C 
nuclear DNA values within 3. oleracea is not surprising in the light 
of previous results. 	The mean 2C DNA value, 1.7 pg, was used to 
convert % hybridization values to rRNA gene numbers in Section 3.2. 
TABLE 7 
Mean absorrtionj 	DNA/telophase (2c) 
Species 	 teloohase nucleus nucleus (pg) 
(arbitrary uni:s) 
Hordeum vulgare 
cv. Sultan 	 116.0 ± 1.9 	10.9r± 0.18 
B. oleracea 
var. curly kale 
CV. S827/cK18 18.64 ± 0.76 1.76 ± 0.08 
var. thousand headed kale 
cv. Canson 18.20 ± 0.28 1.72 ± 0.03 
var. marrow stem kale 
cv. Mans Kestrel 17.69 ± 0.21 1.67 ± 0.02 
var. cauliflower 
cv. All the Year Round 18.64 ± 0.74 1.76 ± 0.07 
cv. Armado April 18.14 ± 0.32 1.74 ± 0.03 
cv. Winter. Waicherin 17-79.± 0.42 1.68 ± 0.04 
var. cabbage 
cv. Greyhound 19.17 ± 0 .3 2 1.81 ± 0.03 
cv. Savoy 18.4 ± 0.42 1.7 ± 0.04 
var. brussels sprout 
cv. Peer Gynt 18.22 ± 0.3 1.72 ± 0.0 
var. broccoli 
cv. Purple sprouting 1 8-75 0.42 1.77 ± 0.04 
cv. White sprouting 19.28 ± 0.64 1.82 ± 0.06 
cv. Italian green sprouting 18.22 ± 0.42 1.72 ± 0.04 
B. campestnis 
ssp. rapif era (turnip) 
cv. S728/TP89 	 17.27 ± 0.64 	1.63 ± 0.06 
B. napus 
ssp. rapifera (swede) 
cv. Pentland Harvester 	 33.68 ± 0.74 	3.18 + 0.07 
Absorption zalues are me.ns of determinations ± s.c.m. made on 
20 telophase nuclei, as described in Materials and Methods. 
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The sum of the 2C values for B. oleracea and B. campestris, 
3.35 pg, is as found by Bennett and Smith (1976) and Verma and Rees 
(1974), slightly, though from my data, not significantly greater 
than the corresponding value of the amphidiploid, B. napus, 3.2 pg. 
Yamaguchi and Tsunoda (1969) claimed that the nuclear DNA amounts 
of long-established cultivated forms of B. napus were about 16% 
lower than the value obtained by summing the 2C DNA amounts of the 
two diploid progenitors. 	However, Verma and Rees (1974) showed that 
Feulgen microdensitometry underestimates the nuclear DNA content of 
B. napus due to the denser nuclei of this species. 	Correcting for 
this error, the above workers showed that B. napus has not undergone 
a significant loss of DNA. 
3.1. 2. 	Nuclear development in mature differentiated tissues 
Typical examples of isolated Feulgen-stained Brassica nuclei 
are shown in Fig. 9. There was a considerable (up to four-fold) 
range in the size of nuclei within any one tissue. Histograms of 
the density values for Feulgen-stained nuclei from various tissues of 
B. oleracea varieties, B. campestris and B. napus are shown in Fig. 10. 
Since nearly all the nuclei were at interphase, the assignment of C 
values was made on the basis of the previous density values from 
stained telophase nuclei of root tips. 	It has been assumed that 
nuclei with values greater than LC are polyploid. 
Tissue from brussels sprout and green sprouting broccoli flower 
buds contained mainly 2C and LC nuclei. Curly kale and marrow stem 
kale leaf tissue contained mainly 2C nuclei (with about % polyploid 
nuclei in curly kale) while the corresponding stem tissue contained 
2C, LC and a proportion of polyploid nuclei (i% 8C and LC in curly 
kale, 69/6 6c in marrow stem kale). Greyhound cabbage head tissue 
FIGURE 9 
Feulgen-stained Brassica nuclei 
Preparations of nuclei were made by hand-chopping mature Brassica 
tissues in L% acetic acid, with subsequent filtration, differential 
centrifugation, fixation and Feulgen-staining, as described in 
Materials and Methods. 	Nuclei were photographed under a Zeiss 
Photomicroscope using Ilford Pan-F film. Magnification X 2200. 
B. oleracea 	var. Marrow stem kale. 














Histo grams of the relative amount of nuclear DNA in mature 
tissues of Brassica varieties measured by Feulgen-stain 
microdensitometry 
All except b. and d. are B. oleracea varieties. 
Marrow stem kale cv. Mans Kestrel - leaf. 
B. napus (swede) cv. Pentland Harvester. 
Marrow stem kale cv. Mans Kestrel - stem. 
1. B. campestnis (turnip) cv. S72/rP89. 
Curly kale cv. Canson - stem. 
Curly kale cv. Canson - leaf. 
Brussels sprout cv. Peer Gynt - sprout. 
Broccoli cv. Green sprouting - flower buds. 
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contained 2C and LC nuclei with about i% nuclei of higher ploidy, 
predominantly 8C. A similar proportion of polyploid nuclei was found in 
B. campestris. 	The very heterogeneous histogram from B. napus 
probably reflects the observation that the stained nuclei were 
contaminated with a considerable amount of cellular debris, much of which 
retained the yellow colouration of the fresh tissue. 	This 
contamination probably affected the density measurements and therefore 
suggests that these results should be viewed with less confidence. 
Discussion 
Polyploidy and other types of nuclear differentiation are wide-
spread in plants and animals, though systematically they occur most 
frequently in insects and angiosperms (D'Amato, 1 964; Nagi, 1976). 
It has been suggested that polyploidy is an inevitable consequence 
of differentiation in angiosperms (Butterfass, 1966; Nagi, 1976). 
Geitler (1948)  suggested that polyploidy does not accompany differentiation 
in some plant species and Evans and Van't Hof (197) found no evidence 
for polyploidy in petals and leaves of Pisum sativum, in mature roots 
of Triticum aestiv-um or any tissue of Helianthus annus. My results 
confirm that polyploidy is not an inevitable consequence of tissue 
differentiation in B. oleracea. While a small proportion of polyploid 
nuclei may remain undetected in brussels sprout and green sprouting 
broccoli this must be very low. Although non-selected tissues of the 
latter varieties may contain polyploid nuclei, no correlation can be 
made between phenotypic selection and development of polyploidy. 
Nagl (1976), in a survey of plant and animal species, demonstrated 
an inverse correlation of 2C nuclear DNA content and level of endo-
polyploidy. He suggested that the mechanisms of DNA endoreduplication 
WE 
in general and endopolyploid.y in particular are a means by which 
organisms 'compensate' for a low DNA content. My results with an 
angiosperm species of relatively low DNA content show that such a 
correlation may not be invariant. 	As Nag! (1976) emphasized, 'it is 
a general feature of evolution that different strategies may be involved 
in the creation of even closely related species'. 	From the above 
data, this statement can probably be applied to different varieties 
of a single species, and even different tissues of a variety. 
3.2. 	Analysis of Brassica DNA by analytical ultracentrifugation 
Results 
Buoyant density determinations of total DNA preparations were made 
in the Model E analytical ultracentrifuge, as described in materials 
and methods. The results are shown in Table 5. The buoyant densities 
of DNA from the three Brassica species were very similar (1.696-1.697 
91cm3 ) and there was no evidence for inter or intraspecific variation. 
The banding in CsC1 of DNA from all B. oleracea varieties showed an 
approximately Gaussian distribution, and no satellite component could 
be detected (Fig. 11). 	B. campestris and B. napus DNAs on the other 
hand showed a satellite which appeared as a 'shoulder' on the dense 
side of the mainland, with a buoyant density of 1.70Z 91cm3 (Fig.11b and c). 
This comprised about 2 of the total DNA of B. campestris and about 
1 	of B. napus. The satellite of B. napus has presumably been 
inherited only from B. campestris. 
According to the equation of Schildkraut et al. (1962), at 25'C; 
% G+C =p -1.660 x 100 
0.098 
TABLE 8 
Buoyant density of B. oleracea, B. campestris and B. napus DNA 
All values are ± 0.001 9/cm3 . 
* Determinations made on 2 DNA preparations (all other values 
are from one DNA preparation). 
'Young' refers to DNA prepared from apices and small leaves 
(<i cm) of young plants, as described in Materials and Methods. 
TABLE 8 
Species 	 Variety Cultivar Tissue 
Buoyant density (9/cm) 
Mainband 	Satellite 
B. oleracea 
Cauliflower Armada April curd 1 .69 0 
leaves 1.697 
Winter curd 1.696* 
leaves 1.696 
stalk 1.696 
All the Year Round curd 1.696* 
Cabbage Savoy head 1.696 
Greyhound young 1.696 
hedd 1.696* 
Celtic X young 1.696 
head 1.696* 
stalk 1.696* 
Broccoli White sprouting flower buds 1.697 
stalk 1.696 
Purple sprouting flower buds 1.697 
Calabrese it it 1.697 
Kohl—rabi Purple mature stem 1.696 
White it if 1.696 
Brussels sprout Glossy—leaved sprout 1.696* 
Champion is 1.696 
Peer Gynt H 1.696 
stalk 1.696 
TABLE 8 contd. 





Thousand-headed kale head 1.696* 
leaves 1.696 
stem 1.696 
Marrow stem kale young 1.696* 
stem 1.696* 
leaf 1.696* 
leaf nuclear 1.696 
Curly kale leaf 1.696 
B. napus 
(swede) 
Pentland Harvester bulb 1.696* 1.704* 
DA926 FL 1 .696* 1 • 70) 4 * 
B. 	caiiipestr.is 
(turni p) 
S72/TP89 1.697 1.70)4 
S726/TP90 1.697* 1.7014 
S724/TP88 1.697 1.70) 
'T(TTP' 11 
Analysis of Brassica DNA by analytical ultracentrifugation 
2-3 ig total Brassica DNA, purified on preparative CsC1 
gradients, was centrifuged to equilibrium in CsC1 with 1 pg 
M lysod.eikticus DNA as internal marker in the Beckman Model E 
analytical ultracentrifuge. Photographs of the banded DNAs 
were scanned on a microdensitometer and buoyant density values 
calculated as described in Materials and Methods. 
B. oleracea var. brussels sprout cv. Champion Original 
(sprout). 
B. napus (swede) cv. Pentland Harvester (bulb). 
C. 	B. campestris (turnip) cv. S72/TP89 (bulb). 
FIG. 11 






This gives corresponding values of 37-3891o' G+C for the mainband DNA 
of the Brassica species and 44-45% G+C for the satellite of B. campestris 
and B. naous. The equation does not take into account the effects 
of methylated bases, primarily 5-methyl cytosine, which can significantly 
reduce the buoyant density (Kirk, 1 967). 
Discussion 
Analysis of DNA in neutral CsC1 gradients gives an overall measure 
of genome variation, and was used in this work primarily as a check 
on purity of DNA preparations. Other workers have obtaired similar 
values for the buoyant density of Brassica nuclear DNA (Ingle et al., 
1973; Beridze, 197). 	According to the latter worker,nine Brassica 
species all had indistinguishable buoyant densities (1.696 g/cm3 ). 
The buoyant density of nuclear DNA in higher plants ranges from 
1.69 1 - 1 .70 3 9/crn3 , and in some genera small but significant inter-
specific differences in buoyant density have been observed (Ingle 
et al., 1 973). 
Beridze (197) found a wide variation in the pro;ortion of 
satellite DNA in the Brassica genus, with up to 379/6 in B. nigra, 
although the buoyant density of the satellite was constant at 1 .704 
g/cm3 . 	The percentage satellite which he found in B. cainpestris, 
24%, and B. napus, 71/6, agree with the values reported here of ca. 201/0  
and icP/ respectively. 	Beridze also could not detect a satellite 
in B. oler,cea, even after centrifugation of the DNA in Hg 2  /Cs 2SO 
gradients, a technique which shows the presence of 'hidden' or cryptic 
satellites by their differential binding of the heavy metal ion. 
Ingle et al. (197) noted a strong correlation of small genome 
size (< 3 pg) with the presence of satellite. An obvious exception 
to this is B. oleracea. 	Indeed, considering the results of Section 3.3, 
the more tenuous correlation of a relatively high % hybridization to 
rRNA with the presence of satellite (B. campestris) seems more 
appropriate. 
The mechanism of satellite evolution is poorly understood, and 
together with the uncertain origin of the two closely related species, 
B. oleracea and B. campestris, the absence of a satellite from 
B. oleracea is difficult to explain. 	Beridze (197) interpreted the 
lower haploid chromosome number of B. oleracea (9) compared to 
B. campestris (10) as resulting from aneuploidy. 	In this way, 
chromosomal DNA, including satellite sequences could have been lost 
during evolution of the B. oleracea genome. Without further evidence 
this explanation, while plausible, can only be speculative. 	It should 
also be borne in mind that while the genomes of the two species differ 
in this respect, both share an apparently identical class of 
repetitive sequences, revealed only by restriction enzyme analysis 
(Section 3.)4). 
3. Ri'cosornal RNA/DNA hybridization 
Fractionation  of rDNA 
Fignre 12 shows the characteristic fractionation of the rDNA 
and its resolution from the bulk of the DNA (the mainband), as 
observed in many eukaryotes (Sinclair and Brown, 1971). 	The density 
of the rDNA differed slightly but not significantly between species. 
The rDNA density is probably distinct from that of the 
B. campestris and B. napus satellite DNAs, although on a preparative 
scale, and with shearing of the DNA, the satellites, which form only 
a 'shoulder' on analytical gradients, were poorly resolved (Ingle 
et al., 1973). 
The mean % G+C content of the Brassica rDNA is approximately 
489/o (Schild.kraut et al., 1962). 	Pollard (1964) gave the base 
composition of two cabbage and one cauliflower cultivar as 
corresponding to a density of 1.714 g/cm3 . 	A similar type of 
discrepancy has also been noted for pea rDNA. 	(Scott and Ingle, 1973). 
The discrepancy may be due to methylated bases, mainly 5—methyl 
cytosine, in the rDNA sequences which, as previously described, lower 
the density (Kirk, 1967). 	There is also the possibility that 
transcribed and nontranscribed spacer rDNA sequences have a lower % 
G-+C content than the gene coding sequences, since the base composition 
of the total rDNA is being compared to that of only the gene—coding 
sequences. 	Previous results of Scott and Ingle (1973) suggested 
that this did not explain the discrepancies. 
Discussion 
The density of rDNA in a CsC1 gradient is dependent on its base 
composition, on the clustering of rRNA genes, and the molecular weight 
of the fractionated DNA. 	The absence of hybridization to mainband 
.t'ractionation  
centrifugatic 
Total DNA prepared  
passage 10 times through a 21-gauge syringe needle. 	50  
sheared plant DNA and 30 .ig Micrococcus lysodeikticus (Marker) 
DtA (1.731 9/cm3 ) were centrifuged to equilibrium in a CsC1 
gradient for 66 hr, 2 0C at 3,000 rpm in an MSE 10 x 10 angle 
rotor. 	Fractions from the gradient were hybridized with 
in vitro-labelled 32P 2S + 18S artichoke rENA (histogram) 
(3. )ig/ml, 2 hr, 70 0 C, 6 x ssc). 
The buoyant density of the hybridization peak was 
calculated from the densities of the mainband and marker DNAs, 
previously determined by Model E analysis. A linear gradient 
was assumed between the mainband and marker. The rRNA 
specific activity was 1.2 x 
10  
cpm/1ig. 
The molecular weight of the sheared DNA preparations was 
not measured. Hydrodynamic shearing of DNA by the above 
method reduces the fragments to ca. 2 x 10 6 mol. wt.( Ingle 
et al., 1973). 
B. oleracea var. Marrow stem kale cv. Mans Kestrel. 
B. campestnis (turnip) cv. S724. TP88. 































DNA, and the resolution of the rDNA from the mainband is considered 
as supportive evidence that the rRNA genes are clustered in a specific 
part of the genome, the nucleolar organizer region (Scott and Ingle, 
1973). 
The latter workers found that the rDNA of Swisschard (Beta irulgaris), 
showed a bimodal distribution when DNA was sheared from 15 x 100  to 
9 x 10 
6 mol. wt., suggesting heterogeneity of the rDNA. This could 
not be shown with pea rDNA, and the present results also provide 
no evidence for such heterogeneity. The density of B. campestris 
rDNA obtained by Ingle et al. (197) using unsheared DNA, 1.70 9/cm3 , 
is the same as that reported here with sheared DNA. 
An important point is the distinction of rDNA and satellite DNA. 
It has been suggested that because of the similar density of these two 
genome components the rDNA must constitute a significant proportion 
of the satellite (Matsuda and Siegel, 1967; Siegel et al., 1 973; 
Chilton, 197). 	The above results clarify this point only indirectly, 
since it was not possible to attach significance to the difference between 
the densities of the satellite and rDNAs. However, the rDNA of 
B. oleracea, with no detectable satellite, banded at a similar density 
to that of the other two species containing a satellite. 
Previous studies have shown that the density of rDNA and satellite 
DNA can always be distinguished. Moreover in flax, satellite DNA 
is less dense than the mainband, and completely resolved from the 
rDNA (Ingle et al., 197). 
..3. 2. 	Ribosomal DNA amounts in i. ojeracea 
A number of difficulties were experienced in the early stages 
of this work, mostly concerned with obtaining reproducible % 
hybridization values. 	Initially, rather lower levels than expected 
were obtained using Millipore filters. Two factors may have 
accounted for this: 
Ribosomal DNA could have been selectively lost from CsCl 
gradients by collecting insufficient fractions from the 
dense side of the gradient, on which the rDNA bands. 
Insufficient mixing of the fractionated CsCl gradient 
with 0.1 x SSC prior to re—centrifugation could have led 
to some preferential loss of rDNA. 
The above sources of error were reduced as far as possible 
for the DNA preparations used in the experiments described in this 
thesis. 
When Schleicher and SchTill nitrocellulose filters were used 
for loading DNA, although the relative levels of hybridization were 
often found to be much the same as with Millipore filters, the 
binding of radioactivity to blank filters of the former type was up 
to 10—fold greater. 
A number of preliminary experiments was therefore necessary before 
embarking on large scale rRNA/DNA hybridization experiments: 
1. To examine the effects of Millipore and Schleicher and Schill 
filters, and the method of rENA fractionation (polyacrylamide 
gel electrophoresis or, in early experiments, sucrose gradient 
centrifugation) on the level of hybridization. 
2. 	To establish by kinetic experiments that, at the concentration 
of rRNA used for hybridization, saturation was reached after a 
reasonable time. 
3.3. 2.1. 	The effects f two tyDes of filter and two different 
methods of rRNA fractionation on % hybridization 
The results of this experiments are shown in Table 9.. 	An 
analysis of variance, including first order interactions, allowed 
the following conclusions to be drawn: 
The differences in hybridization levels were, as is obvious, highly 
significant (p <0.01). The method of rRNA fractionation had no 
significant effect, but the method of calculation did (< 0.01) i.e. 
whether or not radioactivity binding to blank filters was subtracted 
before calculating the hytddization value. The type of filter 
(Millipore or Schleicher and Schflll) had a highly significant effect 
(p< 0.001), this being seen mainly with the results for artichoke 
and cucumber DNA. 
Two of the interactions were significant. That between the DNA 
samples and the type of filter (p< 0.01) - with melon and cucumber 
DNA, Millipore filters gave higher values for hybridization than 
Schleicher and Sch{ill. 	The second significant interaction was between 
the type of filter and method of calculation (P <0.05). Table 9 
shows the marked reduction in the level of hybridization to artichoke 
DNA on Schleicher and Sch.11 filters when the radioactivity of blank 
filters was first subtracted. 	Subtracting the blank value can there- 
fore give erroneous hybridization values using Schleicher and Schhl 
filters with DNA from species hybridizing to low levels. The effect 
was greatly reduced with higher % hybridization values. 
'ractionati:n on ?' rRNA/DNA hybriii:::n. 
It 
= Schleloher ri Schull 
N = Millipore 
Six replicate filters of each type were loaded with each DNA 
sample. 	Three filters were used for hybridization to rRNA from 
polyacrylamide gels, three to rRNA from sucrose gradients. Values 
represent the mean of triplic:te filters ± s.e.m. 
Specific activity of the rRNA was 170, 600 cpm/ig. 
Radioactivity of blank filters: SS = 770 cpm. 
M= 7ocpm. 
TABLE 9 
Source of rRNA and % hybridization 
Gels Sucrose gradient 






O.O63-4-O.00 0.03+0.001 0.0614+0.00 0.033±0.004 Artichoke SS 
0.062+0.002 0.09±0.001 0.06±0.003 0.03±0.003 (Helianthus tuberosus) 	Tuber 	N 
Melon 
var. Blenheim Orange 
(Cucumis melo) (apices) 
SS 
M 
Young  0.299+0. 012 
0. 27+0 .009 u. 3)48+0. 007 0.326+0.004 









o. 1 67±0 - 00 3 0.196±0.003 0.168±0.002 








0.)48)4±0.01 O.)458--0.0i1 0.468±0.021 0.)432±0.020 
0.86+0.030 	0.83±0.028 	0.60±0.021 0 . 6)4L+0 . 020 
Brussel s sprout 
cv. Champion Original SS 0.221±0.007 0.197+0.007 0.27±0.005 (1 .217+0 .006 
(Brassica oleracea) Sprout 
M 0.2340.0 1 0.226±0.0 1 3 0.230±0.006 0.230±0.006 
I•1S1 
[s1*] 
Millipore filters were, therefore, used for all subsequent 
experiments described in this thesis, with the rENA fractionated 
on polyacrylamide gels. 	(Fractionation of rENA on gels was chosen 
because of the increased resolution of the 2S and 18S rENA when 
compared to sucrose gradients). 
3.3. 2.2 	Effect of rENA concentration 
The results of this experiment are shown in Fig. 13b. The extent 
of hybridization increased rapidly at low rENA concentrations, but 
was complete at 2 ).lg/ml, reaching a plateau value above this 
concentration. 
3.3. 2.3 Kinetics of hybridization of artichoke rRNA to B. oleracea DNA 
Figire3ashows the time course of hybridization of B. oleracea 
DNA with artichoke rENA. The characteristic rapid initial increase 
in the extent of hybridization with increasing time can be seen, and 
saturation was attained after about 2 hr. Estimation of the saturation 
% hybridization value from such a kinetic plot can be rather subjective, 
due to the asymptotic nature of the curve, and a doufle reciprocal 
plot (Bishop, 1 969) of the same data allows the value to be calculated 
with greater accuracy (Fig. 1L1). 	The theoretical basis behind 
this plot is poorly understood, but it is intended to obviate the 
effects of rRNA concentration by allowing an estimate of the saturation 
value from the initial, fast part of the hybridization reaction. 	The 
reciprocal of the intercept on the Y-axis gave a hybridization value 
of 0.39%  in good agreement with that estimated from the original curve, 
0.34%. The melting curve of duplicate filters from the 2 hr point 
on the time course is shown in Fig. 1 5 • 	The sharp transition over 
FIGURE 13 
Hybridization of artichoke rRNA with B. oleracea DNA 
Kinetics of hybridization of artichoke rRNA with 
B. oleracea DNA. 
Each point represents the mean value of duplicate filters 
containing All the Year Round cauliflower curd DNA (15  )lg/filter) 
hybridized with 2 )lg/ml rRNA (in 20-fold excess) for various 
times. 	Each value was corrected for binding to duplicate 
blank filters. 	The specific activity of the rRNA was 520,000 
cpm/jig. 
Concentration curve for artichoke rRNA hybridized 
with B. oleracea DNA 
Each point represents the mean value of duplicate filters 
containing All the Year Round cauliflower DNA (15 rig/filter), 
hybridized to different concentrations of rRNA. Hybridization 
with rRNA at 6,4,2,1 and 0.5 jig/ml was for 1,2,,10 and 20 hr 
respectively. 	Each value was corrected for binding to 
duplicate blank filters. 	The specific activity of the rENA 
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FIGURE 1L 
Double reciProcal plot of artichoke rRNA time course 
hybridization with B. oleracea DNA 
The results of Fig. 1 1a are expressed here as a double reciprocal 
plot. 	The line was fitted to the points by linear regression 
analysis. 
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a relatively small temperature range and the Tm value of 79°C shows 
the high fidelity of base—pairing of the rRNA/DNA hybrid under the 
conditions used for hybridization. 
Ideally, such a time course and treatment of the data should be 
carried out for every DNA sample hybridized, but this was impracticable 
with the large number of DNA samples analyzed in this work. 
Taking into account the above results, subsequent hybridization 
experiments were for 2 hr at an rRNA concentration of 3.5 jig/ml- 
Between experiments, the % hybridization value of a particular 
DNA preparation sometimes varied up to i%, and such variation 
occurred also with the internal standards. Thus the concept of an 
absolute level of hybridization is qualified by the inherent experi-
mental variations, which it was not possible to further control. 
This also meant that where there were significant differences in % 
hybridization at any level, it was important that these were shown 
to occur within the same experiment, reducing as far as possible sources 
of experimental error. 
Most of the following hybridization results refer to amounts (%) 
of rDNA, mainly for convenience. The rRNA gene number/telophase 
nucleus, derived from the rDNA amount and the genome size, is also 
given for some results. 	The two values are comparable in tissues 
where the nuclei are mainly 2C and 4C. 	In tissues with a proportion 
of nuclei of higher C values the number of rRNA genes in such nuclei 
is proportionately increased, though this value presumably remains 
the same on a 2C basis. 
3.3. 2.4 Variation in rDNA amount between individual plants 
Before investigating variation in the amount of rDNA and thus 
rRNA gene number at the cultivar and varietal levels, it was first 
necessary to assess that variation due to differences between 
individual plants. Two cultivars of brussels sprout were chosen 
to measure any effects of inbreeding/outbreeding heterogeneity on 
this parameters of genome variation. The results of this experiment 
are shown in Table 10. 
An analysis of variance showed that there was no significant 
variation in the amount of rDNA between individual plants of either 
cultivar, nor between the two cultivars. 	On this basis, where 
different cultivars or varieties were subsequently compared, material 
for DNA preparation was pooled from 10 plants as described in 
materials and methods, to reduce any effects of individual variation. 
Two points need emphasizing with regard to the above results, 
and before presenting further data. 
1. The F value for individual plant variation fell outside the 
% level of significance, but only by a small degree. While 
this is regarded generally as a demarcation level for biological 
significance, it is clear that individual variation in rDNA 
amounts of brussels sprouts, while not statistically significant, 
is, subjectively 'only just' in this category. 	It is possible 
that other B. oleracea varieties show more individual variation 
and the assumption has been made that brussels sprout represents 
a 'typical' variety. Without an exhaustive survey this assumption 
could not be tested, but such a survey was not feasible with 
the number of varieties and cultivars handled. 
TABLE 10 
Ribosomal DNA amounts in individual brussels sprouts 
Separate DNA preparations were made from four individual 
sprouts of both the Glossy-leaved and Champion Original cultivars. 
Each sprout was picked from the corresponding axil of each 
plant. 
Values are the mean from four replicate filters corrected 
for binding to blank filters and represent duplicate experiments. 
The specific activity of the rRNA was 290,000 cpm/)lg. 
% hybridization ± s.e.m. 	 1. 0.233 ± 0.012  0.256 ± 0.020 
 0. 2 35 0.00 
 0 . 257 ± 0.020 
14. 0.27L 0.(-)09 
2. 0.233 ± 0.013 
3. 0.27 ± 0.021 
4. 0.21 ± 0.012 
TABLE 10 
Brussels sprout cul tivar 	
Glossy-leaved 	 Champion Original 
(inbred) 	 (open-pollinated) 
Mean ± o.e.m. 	 0.248 ± o.ol5 	 ().26 ± 0.014 
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2. Where small but reproducible significant differences in % 
hybridization were found., for example, between two cultivars, 
then one can conclude that the cultivars have different 
amounts of rDNA. 	As will be discussed later in more detail, 
statistical significance does not necessarily allow the 
investigator to draw any biological conclusions. 
3.3. 2.5. 	Variation in rD.NA amount between cultivars of 
B. oleracea rrieties 
A summary of the results of this investigation is shown in 
Table 11 • 	To facilitate later comparisons between varieties, the 
results of hybridization to the different kale varieties are also 
shown, but it should be emphasized that only one cultivar of each 
kale variety was used. To avoid the possible effects of develop-
mental changes in rDNA amounts, the results of Table 11 were obtained 
using DNA prepared from young plants, with the exception of kohl-
rabi where DNA was only prepared from the mature stem. 
A significant cultivar variation in rDNA amount was found 
within all the varieties (14-30%). Among the broccolis, purple 
sprouting broccoli contained about 20% more rDNA than the other 
cultivars. Dutch Keeping, Greyhound and Celtic X cabbage cultivars 
contained about 15% more rDNA than the savoy or Portugese cultivars. 
The largest difference was that between one cauliflower cultivar, 
All the Year Round, which contained about 25 and 30% more rDNA than 
the Armado April and winter cultivars respectively. By comparison, 
variation between B. campestris and B. napus cultivars was smaller 
(5% and  10%  respectively) than in B. oieraoea,and not significant. 
TABLE 11 
Ribosomal DNA amounts and rRNA gene number in B. cleracea 
varieties, B. camDestris and B naus. 
Results are means of two experiments with two DNA 
preparations from young plant material (see Materials and 
Methods). 	Only one preparation was made from kohl-rabi, 
and the mature stem tissue was used. 
Specific activity of the rRNA was 450,000 cpm/)lg. 
TABLE 11 
Species and Variety 	 Cultivar 	 % hybridization 	
No. of rRNA gene/ 
telophase_nucleus 
B. olectcea 
Cauliflower Armado April 0.310 ± 0.006 1600 
Winter. Waicherin 0.283 ± 0.012 11460 
All the Year Round 0 .140 3 ± 0.012 2080 
Cabbage Celtic X 0.141414 ± 0.023 2290 
Savoy 0.1450 ± 0.020 2320 
Greyhound 0.530 ± 0.0214 27140 
Dutch keeping cabbage 0.523 ± 0.006 2700 
Portugese cabbage 0.1465 ± 0.015 21400 
Broccoli and calabrese White sprouting 0.310 ± 0.006 1600 
Purple sprouting 0.389 ± 0.026 2000 
Calabrese (green sprouting) 0.317 ± 0.0014 1 6140 
Kohl-rribi Purple (mature stem) 0.1402 ± 0.006 2080 
White (mature stem) 0.1467 ± 0.007 214 10 
Brussels sprout Glossy-leaved 0 . 214 1 ± 0.023 1250 
Champion 0.233 ± 0.021 1200 
Peer Gynt 0.282 ± 0.009 11460 
Kale, thousand headed Canson 0.520 ± 0.021 2690 
Kale, marrow stem Mans Kestrel 0.1420 ± 0.008 2170 
Kale, curly S827/CK18 0.522 ± 0.007 2700 
B. 	campestris 
(turnip) s7214/TP88 1.387 ± 0.063 67140 
S725/TP89 1.230 ± 0.063 6020 
S726/1tP90 1.336 ± 0.0614 65)40 
B. napus 
(swede) DA9257 P14 0.870 ± 0.052 5300 
DA95 26 P14 0.825 ± 0.0143 7900 
Pentland Harvester 0.839 ± 0.01414 8000 
The number of rRNA genes in B. oleracea, (1200-2700) is much lower 
than in B. campestris (6000-6700). 	The amphidiploid B. napus showed 
the expected additive value (7900-8300). 
3.3. 2.6. Variation in rDNA amount between varieties of B. oleracea 
The results of Table 11 also show the extent of varietal variation 
within B. oleracea. Taking the mean % hybridization values for 
each variety, the varietal variation in rDNA amount is about two-fold. 
This variation can be artificially divided into two ranges. The 
cabbages, kales and kohl-rabi all hybridized within the 'high' range, 
0.4-0.3% (2080-2740 genes), while the cauliflowers, broccolis and 
brussels sprouts hybridized within the 'low' range, 0.23-0.40/ 
(1200-2080 genes). 
An analysis of variance on the results of Table 11 showed that 
the variation between varieties was highly significant (p<0.01). 
However, the overall variation between cultivars within varieties 
was also highly significant (p<0.01),  so there is an 'overlap' of 
variation at these two taxonomic levels. 
A similar investigation to that above, using DNA from mature 
selected tissues from each variety (Table 12) again showed that differences 
in rDNA amounts both within and between varieties were highly 
significant (p< 0 . 01 ). 	The amount of cultivar variation in rDNA 
amount within each variety was generally similar to that in the 
corresponding young undifferentiated tissue. 
A comparison and analysis of the results in Tables 11 and 12, 
showed that the young, undifferentiated tissues of most varieties 
contained significantly more rDNA (p < 0.0 - p< o.ci) than the 
corresponding mature, selected tissues. 	The only exceptions to this 
TABLE 12 
Ribosomal DNA amounts in mature selected and other tissues of 
B. olercea varieties, B. campestris and B. naDus 
1 Results from one experiment with a single DNA preparation. 
All other results from at least two experiments with two DNA 
preparations. 	All results ± s.e.m. specific activity of the 










B. oleracea Curd Leaves 	Stalk 
Cauliflower Arinado April 0.232±0.007 0.20L±0.008 	0.233±0.003 
Winter. Waicherin 0. 1 7 070 . 004 0.16±0.006 
All the Year Round 0.31810.013 
Head 
Cabbage Celtic X 0.393±0.007 0 .3+0 . 022 
Savoy 0.417±0. 011 0.22170.006 
Greyhound 0.437+0.O08 0 .449+0 . 00 9 
Broccolis and White sprouting 	0.236±0.007 	0.222±0.00 	0.220±0.00 2 
calabrese 	Purple sprouting 0.291±0.013 















Champion Original 	0.26+0.011 
Peer Gynt (Fl) 	0.29870.014 
Stem 	Leaves 	Head 1 	Petiole 1 	Head leaves 1 
Canson 	 0.420±0.004 	0 . 2 9 6±0 . 020 	0.326± 0 . 01 4 
Mans Kestrel 	0.361±0.010 	0.280±0.008 	0.392±0.0 1 3 	0.32L+O.00 	0.31±0.01L1 
s827/cK18 	 0.416+0.0O9 	0.306-i-0.00 




Selected Other Tissue 
Tissue 
B. campestris Bulb 
(turnip) S724/TP88 1.419+0.033 
S72/TP89 1.34C7+0.026 
B. napus 
(swede) DA92 7. F4 0.782±0 . 042 
DA9 26. F4 0.82-i-O.o8O 
Pentland Harvester 0.84L1+0.075 
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were the savoy cabbage and brussels sprout cultivars. Therefore, 
it appears that in the differentiated, selected tissues there is 
up to a 140% loss or an under—replication of rDNA, the magnitude 
depending on the cultivar and variety, but with no obvious taxonomic 
correlations. 
3.3. 2.7 Ribosomal DNA in different tissues of B. oleracea oultivars 
Significant differences (p.(0.01) were consistently found in the 
hybridization values between the 'head' tissue and leaves of savoy 
cabbage (14%) and the stem tissue and leaves of the kale varieties 
(2-30%) (Table 12). The value for the leaves was in all cases lower 
than that for the selected tissue. 	DNA prepared from other mature, 
non—selected tissues of marrow stem kale also differed in % hybridization. 
The values obtained were nearer to those of the stem than the leaves. 
The stem—leaf differences in marrow stem kale were investigated 
in more detail, because the magnitude of the difference with different 
DNA preparatiorE varied from 20-3%. 
Three independent DNA preparations were made from tissue of marrow 
stem kale stem and leaves, and used for hybridization. The results of 
this experiment are shown in Table 13. Analyses of variance revealed; 
For each tissue the variation in % hybridization of different 
DNA preparations was not significant. 
The difference in % hybridization between DNA from the stem and 
the leaves was highly significant (p<0.01) 
Thus marrow stem kale stem tissue contains 214% more rDNA than 
the leaf, a difference similar to that found for the other kale 
varieties (Table 1 2). 
BLE 
Ribosomal DNA. amounts in stem and leaf tissues of marrow s:em 
kale. 
Each DNA preparation was made from a pool of 90 g of each 
tissue taken from 10 plants, and divided into 3 x 30 g batches. 
Each batch was extracted and purified independently as described 
in the text. 	Each DNA preparation was loaded onto L. replicate 
filters. The numbering of DNA preparations is random but was 
maintained with respect to filters and DNA preparations throughout 
the experiments. 	All filters were hybridized together. 	Values 
are corrected for binding to blank filters, and are given with their 
standard errors. 
The rRNA specific activity was 320,000 cpm/ig. 
TABLE 13 
TISSUE 	 % HYBRIDIZATION 	 MEAN % 
I 	 II 	 III 
STEM 	 0.376 -s- 0.00 	0.39 ± 0.009 	0.3L12 ± 0.013 	 0.3) + 0.009 
I 	 II 	 III 
LEAVES 	 0.270 ± 0.00 	0.269 ± 0.007 	0.277 ± 0.010 	 0.277 ± 0.007 
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3.3. 2.8 	Chloroplast DNA in total DNA 
The iuestion arose as to whether chioroplast DNA, present in 
greater amounts in the leaves compared to non—green tissue, could 
contribute to or even account for the apparently different amounts 
of rDNA in the kale varieties. 	Such a reasoning could be employed 
thus: It has been shown that cytoplasmic rRNA hybridizes only 
poorly to chioroplast DA (Tewari and Wildman, 1968; Ingle et al., 
1970). 	A preparation of total DNA includes a proportion of 
chioroplast DNA, as well as mitochondrial DNA, though the latter 
constitutes an insignificant amount (ca. i%) (Wells and Ingle, 1970). 
Chioroplast DNA might effectively 'dilute' the nuclear DNA, such 
that on a % hybridization basis, values for leaf DNA are under-
estimated. 
For such contamination to account for the difference in 
hybridization values between stem and leaves of marrow stem kale 
would mean that the leaf tissue contains about 2% more chioroplast 
DNA relative to nuclear DNA than the stem. While the proportion 
of chloroplast DNA in higher plant leaves does vary (Ingle et al., 
1970; Pascoe and Ingle, in Press) and has not been determined for 
Brassica species, the normal range is reported as 
Kadouri et al. (197) suggested that chioroplast DNA in cucumber 
(cumis satiinis) constitutes a much larger proportion of total DNA 
(12-190/6), but their results could not be reproduced by other workers 
(Timmis and Ingle, unpublished results). 	It therefore seems unlikely 
that chloroplast DNA could account for the ti33ue differences in 
% hybridization. 
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This problem was approached indirectly, by hybridizing 
artichoke rRNA with nuclear and total DNA preparations from marrow 
s:em kale leaves and from an unrelated species iiordeum -rlgare 
(barley) (Table iL). 	Hybridization to nuclear and total DNA 
preparations was very similar, showing that the presence of 
chioroplast DNA in total DNA preparations cannot satisfactorily 
explain the tissue differences in % hybridization. 
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Ribosomal RNA gene number in Brassica 
The number of rRNA genes in B. napus (8100) is consistent with 
the sum of the mean values for the two progenitor species (8400). 
The four-fold greater number of genes in B. carnpestris than in 
B. oleracea is of interest considering the similar genome size and 
relatedness of these species. 	Similar studies on closely related 
species within a genus have shown a two-three-fold variation in 
rRNA gene number, but with no obvious taxonomic correlations 
(Goldberg et al., 1972; Siegel et al., 1973). 	Maggini and 
Garbari (1977) were able to draw some taxonomic correlations in a 
study of the two-fold variation in rDNA amounts of 8 Allium species, 
on the basis of NOR number and mode of reproduction. Little is 
known of the detailed cytology of B. oleracea and 3. campestris. 
B. campestris (2n=20) has two more chromosomes/diploid genome than 
B. oleracea (2n=18). Whether some or all of the additional rRNA 
genes in B. campestris are clustered on these two chromosomes cannot 
be predicted without information on the number and chromosomal 
locations of the NORs in these two species. 
TABLE 1L 
Hybridization of artichoke rRNA to total and nuclear DNA 
None of the differences in % hybridization between total and 
nuclear DNA was significant at the 5yo level. 
*Prepared from 100 g barley seed, dehusked 2* hr in 
H2S0. 	Seeds were imbibed overnight, embryos removed and 
washed, cooled and extracted by homogenization in a 0-215 M sucrose 
buffer in a Virtis homogenizer. After filtration through a 40 
20 j.un double nylon mesh the filtrate was re-homogenized and re-
filtered, centrifuged through a 0.35 M sucrose cushion and then 
washed, extracted and purified as described for nuclear DNA in 
Materials and Methods. 
TABLE 14 
Plant 	 DNA 	 % Hybridisation 
Narrow stem kale 	 Total leaf 	 0.262 ± 0.000 
(B. oleracea cv. Mans Kestrel) 	 Leaf nuclear 	 0.20 ± 0.007 
Barley 	 Total leaf 	 0.16 ± 0.000 
(Hordeum vulgare cv. Proctor) 	 Leaf nuclear 	 0.163 ± 0.006 
Embryo nuclear* 0.12 ± 0.0f)II  
(12 hr) 
(Internal control All the Year Round cauliflower curd t;otal DNA 0.281 ± o.00) 
Variation in rDA amounts within B. olercea 
a. Individual variation 
A summary of the evidence for individual variation in rDNA 
amounts was given in the introduction. The variation between 
individual brussels sprouts (Table 10) was much less than the 
approximately two-fold variation found between individuals of rye 
populations (Flavell and Rimpau, 197) and between individuals 
of Allium cepa cultivars (Maggini et al., 1978). 	The latter 
workers found that inter-individual variation was species dependent, 
since the variation in A. sativum was only about one fifth of that 
in A. cepa. 	All the above plant species are natural outbreeders. 
Genetic heterogeneity in the populations maintained by outbreeding 
probably accounts for the variation in rDNA amounts. The reduced 
variation in A. sativum relative to A oepa may be associated with the 
fact that the former species is propagated vegetatively. The very 
low variation in B. olercea represented by brussels sprout, also a 
natural outbreeder, may be due to the intensive selection which this 
species has undergone, breeding for cultivar uniformity reducing 
the variation in rDNA amount. Although one cultivar was open 
pollinated, the variation in rDNA amount was no greater than with 
the inbred cultivar. 
b.- Cultivar variation -- 
The results of Table 11 showed that there was variation in the 
rDNA amounts of different B. oleracea cultivars. 	Similar variation 
was also observed in the mature, selected tissues. 	The major 
differences between the various cultivars are: 
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Morphological. 	For example, leaf shape (savoy cabbage), 
colour of selected tissue (broccoli and kohl-rabi) or, less 
obviously, the time and degree of 'heading' (cabbages and 
cauliflowers). 
Genetic/physiological - different degrees of inbreeding 
(cabbages, brussels sprout) or time of maturation, flowering 
and ability to overwinter (cabbages and cauliflowers). 
Even taking into account the above factors, no obvious 
correlations with the amounts of rDNA could be made for most 
cultivars. However, it is interesting that the cauliflower cultivar 
with the largest amount of rDNA,A1l the Year Round (O.L.%) is, despite 
its name, not considered to be winter hardy, and is harvested in 
September - October of the year of planting. The other cauliflower 
cultivars which have been selected for winter hardiness, had 25% less 
rDNA. Although the mechanisms underlying selection for winter 
hardiness are poorly understood, there may be an effect on the rDNA 
amount, perhaps as an indirect consequence of other influences on the 
genome. The data in this thesis scarcely substantiate such a 
hypothesis, but work on well-characterized varieties of wheat and 
barley selected for winter-hardiness did show a significant inverse 
correlation between the rRNA gene number and the degree of winter 
hardiness (. Ingle, unpublished results). 	It is not known whether- 
there is a causal link in these correlations, but it may be significant 
that they are found in unrelated plant genera. 
C. 	Varietal variation 
Varietal variation in rDNA amounts occurs in both young and 
mature tissue of B. oleraea (Tables 11 and 12). 	The extent of the 
variation, approximately two-fold, is similar to that found by 
other workers for varieties of pea, wheat, rye and lines of maize, 
as described in the introduction. 	However, the overall variation 
in rDNA amounts between varieties, revealed by analysis of variance, 
was no greater than that between cultivars, despite the fact that 
'averaging' inter-cu.ltivar variation makes the varietal variation 
appear greater. Thus if the amount of rDNA is taken as a taxonomic 
character, then there is a continuum of variation within B. oleracea 
measured by this parameter, which obscures the demarcation of varieties 
and cultivars. 
An important, unanswered question arising from the above results 
is what proportion of the various differences is due to the artificial 
selection procedures used to produce the varieties and cultivars, and 
what proportion results from a process of random segregation of the 
variants. 	For example, are the cultivar differences largely a reflection 
of the selection pressures, the underlying varietal variation 
representing the biological variation of the original wild populations 
from which these artificially selected forms arose? It is, 
unfortunately, exceedingly difficult to differentiate between these 
components of variation. 	It is not surprising that varietal 
variation in B. oleracea should occur since this has been shown in 
other domesticated plants. 	The extreme polymorphism of B. oleracea 
varieties must reflect genetic variation, and the amount of rDNA is 
only one way in which this is reflected at the genome level. 
d. Variation between young and mature tissues 
The results shown in Table hand 12suggested a loss or under-
replication of rDNA in the transition from the immature to the 
differentiated state. 	A possible reason for this lies in the low 
number of rRNA genes in B. oleracea compared to many other higher 
plants (Table i). The meristematic activity during early growth 
associated with the apical region may require a greater number of 
rRNA genes than are present in the mature tissues, where much of 
cell division activity has ceased, resulting in the evolution of 
a mechanism for increasing the number of genes. 	If this is the 
reason however, it is then necessary to explain why brussels sprout, 
which has a lower number of rRNA genes than other varieties, did not 
display the same type of difference. 
The answer may lie also in the different types of dffeentiation 
undergone during maturation of the B. ole'racea varieties. 	Nature 
brussels sprout tissue contained mainly 2C and L.0 nuclei. 	The low 
amount of rDNA in this variety and the lack of a developmental 
change in rDNA may be due to the 'non—specialized' development of 
sprouts as enlarged axillary buds. 	Similarly, cauliflower 
(J. N. Timmis, unpublished results) and broccoli cultivars contained 
mainly 2C and LC nuclei in their selected tissues. 	These varieties 
also contained relatively low amounts of rDNA although unlike brussels 
sprout, both showed developmental changes in rDNA amount. An 
explanation on the basis of nuclear development is, therefore, 
inadequate. 
At what stage does the change in rDNA amount occur in the other 
varieties? Preliminary experiments (results not shown) suggested 
that all the tissues of young marrow stem kale plants contained 
similar amounts of rDNA. Thus any developmental change probably 
occurs at a later stage, by somatic means. 
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Cullis and D:vies (197) found that the amount of rDi'TA in young 
leaves of one variety of pea was LI.A  greater than in old, almost 
senescent leaves. 	Gilyazetdinov et al. (1977), in studies on rDNA 
amounts of hybrid and parental maize genotypes, found that 6 out of 
12 hybrid varieties contained up to 3L1.% less rDNA in the first 
than in the second leaf (the authors stated 9 differences, but 3 were 
not significant). The above results may be analogous to the changes 
in B. oleracea, and are also comparable in that the differences were 
variety—dependent. 
The occurrence of a higher amount of rDNA in young tissue 
implies that there is at some stage of the plant life cycle a limited 
amplification of the rRNA genes. 	As previously described in the 
introduction, evidence purporting to show such changes during seed 
germination is unsatisfactory and is further complicated by the low 
order of magnitude of the changes. 
C. 	Differential replication of rDNA 
Results of Tables l2 and l3established that different mature 
tissues of marrow stem kale, and from a more limited number of 
experiments, two other kale varieties and savoy cabbage, contain 
different amounts of rDNA. In functional terms it is possible, as 
above, that the tissue differences reflect the higher metabolic 
-- - activities of the selected tissues for example the expanded stem of 
marrow stem kale which accumulates sugar. However, it is then 
not clear why savoy cabbage should be the only cabbage cultivar showing 
a head—leaves difference in rDNA amount. 
In terms of nuclear development, stem tissue of marrow stem kale 
contained about i% polyploid nuclei and 2% more rDNA than the 
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corresponding leaf material, which contained predominantly 2C 
nuclei (Fig.10). 	For endopolyploidy to directly provide an 
explanation for the higher amount of rDNA in the stem than the 
leaves would necessitate that this were accompanied by a considerable 
amplification of rDNA, which has not-been shown to occur naturally 
in any system. 	Increases in rRNA gene number are either 
proportional or less than proportional to increasing ploidy (ullis, 
197 a ;Siegel et al., 1973). 	In only one case has increased ploidy, 
induced artificially, been shown to be associated with a disproportionate 
increase in rRNA gene number. 	This was achieved with Tulbaghia 
violaceae , where tetraploidization from the diploid, produced by 
coichicine treatment, caused the rRNA gene number to increase about 
four-fold (Ingle et al., 197). 
Feulgen microdensitometry is, nevertheless, a relatively crude 
me?sure of nuclear development, and the differences in the degree of 
polyploidy and rDNA amount between the stem and leaves of kale 
varieties may reflect other differences undetected by the methods 
used in this study. For example, the differences in rDNA amount 
could be due to a much larger difference in a small cell population 
within the stem tissue in which the rDNA is amplified, but because 
DNA is extracted from the total cell population, the difference 
is 'averaged' and appears much lower. 	This point will be discussed 
later in greater detail. 
The B. oleracea genome is unusual in both its small size 
(1.7 pg/telophase nucleus) and low number of rPA genes (1200-2700) 
when compared to many other species (Ingle et al., 197). 	The flax 
genome is also small (1.3 pg/telophase nucleus) (Timmis and Ingle, 
1973) and contains a similar, low number of rRNA genes (200). 
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The combination of a small genome and low number of rRNA genes may 
be an important factor in genome plasticity. Nicotiana rustica, 
which bears similarities to the flax system, producing phenotypically 
distinct lines under environmental induction (Towey, 1976) also 
has a low rRNA gene number, 2200 (Ingle et al., 197) although having 
a larger genome. 
The B. oleracea genome also displays a certain 'plasticity'. 
Although the ancestry of the species is not clear (see introduction), 
the polymorphism sho"rn by the different varieties is greater than that 
of other animal or plant varieties. 	By analogy with flax, the 
plasticity of the B. oleracea genome has been exploited to produce 
the different phenotypes, but in contrast to flax the genome has 
been stabilized under selection pressures with regard to the nuclear 
DNA amount. The genome still retains the capacity for small changes 
in rDNA amounts, while having no requirement for artificial 'induction'. 
Are the above changes in rDNA amounts of functional significance? 
This question is impossible to answer directly given the present 
absence of a detailed picture of the control of rRNA gene expression. 
Nevertheless some speculative conclusions can be drawn. 	All the 
developmental changes where amplification of rRNA genes has been 
demonstrated in animals involve large increases in rRNA gene number, 
and represent specialized mechanisms adapted to meet the demands of 
periods of intense metabolic activity. 	Since plants have a relatively - - 
large number of r-RNA genes, it might be proposed that this complement 
represents a 'surplus', so that the number is not limiting at any 
period of development. 	Changes such as those in B. oleracea are then 
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exceptional, and occur due to the 'limiting' number of rENA genes 
in this species. 	Even accepting this, other factors clearly influence 
whether changes occur, since these are not universal to all members of 
the species. The phenomenon of rDNA magnification occurs in a 
species (Drosophila) with a relatively low number of rENA genes 
(Table i), and the possibly similar mechanism in yeast, where a 
deletion of only 2 1/6 of the rRNA genes is corrected, also involves a 
genome with a similar low rRNA gene number (Kaback et al., 1977). 
Although the above mechanisms are obviously rather different to those 
in B. oleracea, they suggest that a low rENA gene number may be 
associated with an 'instability' in these genes. 
I do not believe that the sole criterion of a low rRNA gene dosage 
provides a satisfactory explanation for changes in rRNA gene number. 
The pea genome contains about 8000 rENA genes, and it has been 
suggested (Timmis et al., 1972) that only a small proportion (300) 
of this complement may be utilized. 	If this is correct, then a two- 
fold increase in the amount of rDNA in the cotyledons compared to the 
roots of one pea variety (Cullis and Davies, 197) representing an increase 
from 4000 to at least 8000 rENA genes is hard to explain. The lower 
(root) level would, following the above argument, still represent 
a ten-fold 'excess' of rRNk genes, and Davies and Brewster (197) 
obtained results suggesting that the normal rRNA gene number in pea 
cansufftce for atleas-t a three-fold -difference in the rate of- 
rENA synthesis. Moreover, if there were no requirement for the large 
number of rENA genes found, for example, in maize, then why has the 
complement been maintained at its present level? It seems to me 
much more likely that the rENA gene complement of a particular plant 
10)4 
species is utilized at some stge of development, or certainly has 
the potential to be utilized perhaps under adverse or extreme 
envronmental conditions. 	Some plant species, particularly but not 
solely those with low rRNA gene numbers, have a requirement during 
early growth stages, or as a result of differentiation, for an 
increased number of rRIA genes. Development of a mechanism for 
changing the rR.NA gene number is not an inevitable outcome within 
a species (results in this thesis; Cullis and Davies, 197), and 
genotype-dependent factors such as the type of development associated 
with phenotypic selection are probably important. 	How such mechanisms 
may operate will be described in the general discussion. 
One final possibility which must not be overlooked is that the 
young-mature differences in rDNA amount in B. oleracea are due to a 
true loss of rRNA genes associated with ageing, since Drelinlinary results 
suggested that the 'loss' did not occur in the early growth of the 
plant. While the mature tissues from which DNA was extracted were 
not senescent, they have 'aged' in terms of the differentiation and 
the plant's total lifespan. 	It is known that genetic changes 
accumulate in non-dividing, differentiated animal and plant tissues 
(Curtis, 1971; 	Burnet, 197)4). Johnson et al. (1972) provided data 
purporting to show a loss of rRNA genes during aging of various non-
dividing tissues in the dog, but the very small magnitude of the changes 
makes the data less than convincing. I feel that the likelihood of 
an age-related loss of rDNA is small but the present evidence does 
not allow a firm conclusion either way. 
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3.4. 	Studies on Brassica DNA with restriction endonucleases 
While this study ws mainly concerned with rDNA, some features 
of the total DNA restriction fragment patterns prior to transfer onto 
nitrocellulose filters and hybridization with rRNA warrant further 
description. 
3.L. 1. 	Hind III 
The striking fragment pattern resulting from Hind III digestion 
of Brassica DNA is shown in Figs. 16 & 17 (i). 	The pattern was invariant 
in the three Brassica species analyzed and in different varieties, cultivars 
and tissues of B. oleracea (the apparently different amounts are due 
to different loadings of DNA). Multiples up to about the 20-mer of 
the 180bp monomer could be detected, although the upper limit was 
impossible to quantitate because of the close spacing of higher-order 
oligomers and poorer resolution towards the top of the gel. 	Fig. 16 (iii) 
shows the fragment pattern of purified melon (Cucumis melo) satellite 
I DNA digested with Hind III. A similar pattern of oligomers, but 
based on a 360 bp monomer was produced, with minor fragments 
corresponding to 1 and 1-mers of the repeat. 	In neither melon 
nor the Brassica species could the digestion pattern be changed by 
addition of more enzyme so the 'step-ladder' patterns were not a 
result of incomplete digestion, as can be produced by deliberate 
partial digests of mouse satellite with EcoRII (Southern, 1 975a). 
Densitometer scans of Hind III digests (examples in Figs. 18 & 19) 
allowed an estimate to be made of the proportion of total DNA rep-
resented by the 180 and 360 bp oligomeric series of Brassica and melon 
satellite I, and this gave values of 2.-4% and 2. 0,16 respectively. 
The estimates are minimal, particularly with the Brassica DNA digests, 
'Tr'TDt I 
Kind III diet-ion of Brassica DNA 
Except where indicated, the DNA was prepared from the mature, 
selected tissue of B. oleracea varieties. 
(i) 
 Broccoli. White sprouting (stalk). 
 Broccoli. Purple sprouting. 
C. Cabbage. Greek wild. 
 Cauliflower. 	Winter. Waicherin. 
 Cauliflower. 	Armado April. 
 Brussels sprout. 	Glossy—leaved. 
 Brussels sprout. 	Champion original. 
 Broccoli. White sprouting. 
(ii) 
Thousand—headed kale (stem). 
Thousand—headed kale (leaves). 
C. 	B. napus cv. DA92 7. FLU. 
B. cainpestris cv. S7 25/TP89. 
B. napus cv. DA926. FL.. 
B. campestris cv. S724/TP 88 . 
(iii) Hind III digestion of Brassica total DNA and Cucumis melo 
(melon) satellite I DNA 
Digestions were fractionated on a 31/6 agarose gel. 
B. oleracea. Thousand—headed kale (stem). 
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(±) 	Hind III digestion of Brassica DNA 
The digested DNAs were fractionated on a 1% agarose gel, and 
bands corresponding to the intact rDNA units of each species are 
arrowed. 
B. oleracea 	var. Marrow stem kale (stem). 
B. napus 	cv. Pentland Harvester. 
C. 	B. camuestris cv. S724/TP88. 
(ii) and (iii) 	EcoRI digestion of Brassica DNA 
(ii) 
 B. oleracea var. sylvestris (Wild cabbage. Greek). 
 var. broccoli white sprouting (stalk). 
C. var. 11 U 
 B. napus cv. DA927. FL. 
 B. campestris cv. S72/TP89. 
 B. napus CV. DA926. FL. 
 B. campestris cv. S724/TP88. 
(iii) 
 B. campestris cv. S726/'1P90. 
 B. napus cv. Pentland Harvester. 
C. B. oleracea var. cabbage. Celtic X. 
 11 var. it 	 11 (leaves). 
 var. cauliflower. 	Arrnado April. 
 var. it 	 All the Year Round, 
FIG. 17 












a b r 
'T(TTPT' IQ. 
Densitometer scan of total B. napus (swede) DNA digested 
with Hind III and fractionated on a 1% aarose gel. 
Arrows indicate fragments corresponding in size to the rDNA 
units of the two progenitor species - the larger fragment to 
B. oleracea and the smaller to B. campestris. 
FIG. 18 
FIGURE 19 
Densitometer scan of purified melon satellite I DNA 
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where the resolution of oligomers was increasingly impaired towards 
the top of the gel by the rising background of unrestricted DNA. 
Because of the variation in estimates, it was not possible to 
demonstrate any differences in the proportion of the sequence 
within or between the Brassica species. 
If it is assumed that multiples of the Hind III monomer are the 
results of divergence in the 180 bp sequence, two questions are 
pertinent, the distribution of Hind III sites along the repetitive 
sequence, and the extent of restriction site divergence. 	Several 
workers in their treatment of restriction enzyme data on animal 
satellite DNAs have used a plot devised by Slack (1974) to estimate 
these parameters: 
For a random distribution of altered recognition sites, the 
relative amount of DNA, o(n), in a band number (n=1 for monomer 
etc.) shows the relationship 
(n) = 
	(n-1) t (i-P)2 
and log 	<(n) = (n-i) log P + 2 log (i-P) 
n 
P represents the fraction of modified sites. 	Plotting the 
relative pek area per band, 	), on a log scale against n-i gives 
n 
a straight line relationship for a random distribution of cleavage 
sites. 
Figs. 20 & 21 show the results of trating the data for Hind III - 
digested melon satellite I and Brassica total DNA in this way. 	The 
data for melon fitted a straight line, with a probability of cleavage 
calculated from the slope as 0.63. 	The overall divergence in the 
Hind III hexanucleotide recognition sequence, i-(1-p) 6 , gave a value 
of 0.03, or 3. 1/o. 	The data for the Brassica Hind III pattern gave 
FIGURE 20 
Distribution of cleavage sites on Hind Ill-cleaved melon 
satellite I DNA 
The values in the figure are means from results of three 










Distribution of cleavage sites on the Hind 111-cleaved 
repetitive DNA of Brassica 
The theoretical basis behind this graphical treatment is 
described in the text. 	The values in the figure are means of 
results with B. oleracea, B. napus and B. campestris DNA 
(one digestion per species). 	There was no significant 
difference between the values for the three species. 	The 


















rather different results when similarly treated, fitting two 
straight lines with different slopes. 	It can therefore be post- 
ulated that there are two distributions of cleavage sites in the 
Brassica Hind III repetitive sequence, with probabilities of cleavage 
of 0.4 and 0.2. 	The relative amount of the sequence in each 
distribution was estimated as 651/o and 35% respectively, each value 
calculated from points unique to one distribution. 	The sequence 
divergence over these distributions is 2.51/6 and 1.5%. 	The apparent 
distribution of cleavage sites into two 'subsegments' (Hgrz and 
Zachau, 1977)  may hide a more complex distribution not revealed by 
this analysis. 	The Hind Ill-cleaved repetitive sequences of melon 
and Brassica do, however, appear to differ with respect to restriction 
site distribution. 
3.4. 2. 	EcoRl 
The results of restricting Brassica DNA with EcoRI are shown 
in Fig. 17 (ii) & (iii). 	Early experiments with this enzyme used 
digestion buffering conditions where EcoRI* activity may have occurred, 
which is likely to produce a larger number of fragments, as was observed. 
Under conditions where canonical activity was assured, digestion 
with EcoRI produced a characteristic pattern of major fragments 
(Fig. 22 (i)) and differences in this pattern could be seen between 
B. oleracea and B. campestris. 
3.4. 3. 	)thol 
Digestion with ThaI gave rather faint bands (Fig. 22 (ii)). 	All 
three Brassica species analyzed displayed a fragment of 4800 bp. 	In 
addition, B. oleracea showed a faint fragment of ca. 100000 bp, 
B. campestris one of ca. 9500  bp, and B. nacus bands representing both 
fragment sizes. 
FIGURE 22 
EcoRI digestion of Brassica DNA 
Digests were as in Fig. 17 except under conditions which give 
on canonical EcoRI activity. The digests were fractionated on a 
1% agarose gel with wider slots than Fig. 17 (ii). 	The faint bands 
towards the top of the gel representXDNA (o.5 jig) included in 
each digest as an internal marker for digestion completeness. 
XhoI digestion of Brassica DNA 
Barn HI digestion cf Brassica DNA 
Hae III digestion of Brassica DNA 
XhoI and Barn HI digests were fractionated on 1%, Hae III 
on 2% agarose gels. 
In (±) - (iv):- 
B. oleracea var. Marrow stem kale (stem). 
B. napus cv. Pentland Harvester. 






















3.4. L.. 	Barn HI 
Barn HI digestion of Brassica DNA gave several major and a larger 
number of minor fragments ranging in size from Ca. LOO-5600 bp (Fig. 
22 (iii). 	A fragment of 5600 bp in B. oleracea was not observed in 
B. camoestris so B. naous, possibly due in the latter to contaminant 
nuclease activity which affected the DNA of this species to a greater 
extent. 	In addition, B. carnoestris DNA showed a 'smear' probably 
representing several bands, in the range 4800-200 bp (these bands are 
only visible as an 'expansion' of the upper part of the gel lane in 
Fig. 22 (iii). 
3.4. E;. 	Hae III 
A complex fragment pattern resulted from Rae III digestion, with 
a wide range in fragment size ( 180 - ca. 4000 bp) (Fig. 22 (iv)). 
The pattern was common to the three Brassica species analyzed. The 
higher molecular weight range ( 1000-4000 bp) consisted of a series of 
doublets with an underlying pattern of minor fragments. The lower 
molecular weight range (< 1000  bp) consisted of more prominent fragments. 
The large number of fragments resulting from Rae III digestion probably 
represents several families of repetitive DNA sequences. 
Hybridization of rRNA to transferred restriction fragments 
subsequently showed that some of the fragments on agarose gels 
corresponded in size to rDNA fragments. 	In particular, the pattern 
produced by canonical EcoRI digestion (Fig. 22 (i)) corresponded almost 
entirely to that of rDNA fragments. 
Discussion 
The striking 'step—ladder' fragment pattern resulting from Rind III 
digestion resembles that produced by restriction enzyme digestion of 
various animal satellite DNAs (Southern, 197a; Cooke, 197; 
Fittler, 1977; Streeck and Zachau, 1978), and represents a tandemly 
repeated simple sequence DNA, oligomers of the 180 bp monomer 
resulting from sequence divergence. The relationship of the 
Brassica Hind III - cleaved repetitive sequence to satellite DNA 
is not clear, given the fairly constant proportion of the 
former component in the three Brassica species analyzed, but the 
absence of a satellite from B. oleracea. 
Digestion of total DNA from species of several higher plant 
genera did not show a pattern resembling that produced with 
Brassica or melon satellite I DNA. Thus the 'Hind III repetitive 
sequence' is not apparently of widespread occurrence, though the 
presence of a similar repetitive sequence in two unrelated genera 
shows that it is not unique to a genus. 	Furthermore, since 
melon satellite I DNA showed a similar fragment pattern to that with 
Hind III on digestion with XhoI or Hae III (results not shown), 
similar repeat periodicities may be revealed in other genera by 
different restriction enzymes. 
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3.. Ribosomal DNA Structure 
3.. 1. 	Hind III 
2S and 18S rRNA hybridized to a 1000 bp Hind III fragment 
of B. oleracea and a 9800 bp fragment of B. campestris (Fig. 23). 
It can therefore be concluded that Hind III cleaves the rDNA repeat 
unit of these species once. 	The interspecific difference in the 
size of the rDNA unit was confirmed by the appearance of a doublet 
on hybridization of rRNA to Hind Ill-digested B. napus DNA, the two 
fragments corresponding to the different sizes of rDNA units from the 
progenitor species. 
Bands corresponding in size to the intact rDNA units cculd also 
be seen on stained agarose gels (Fig. 17 (i)) as well as bands twice 
this size. 	However, such 'd.imers' were not detected on autoradiography, 
and it cannot be concluded that they represent rDNA. The lower 
relative intensity of the Hind III fragments on autoradiographs 
compared to those produced with other restriction enzymes suggests that 
only a proportion (Ca. 20%) of the rDNA units have Hind III sites. 
This could alternatively be interpreted as incomplete digestion, 
or heterogeneity in molecular weight of the DNA preparations due 
to shearing, since an additional 'smear' of hybridization was also 
produced above each fragment. The results do not allow the three 
different explanations to be distinguished. 
3.. 2. 	EcoRl 
Figaiie 24 shows the results of hybridizing a mixture of 2S and 18S 
rRNA to EcoRI digested DRA f B. oleracea varieties, B. campestris and 
B. napus, with representative densitometer scans (Fig. 2). 	The 
FIGURE 23 
Hind 111—digested Brassica rDNA 
This and several subsequent figures show photographs of 
autoradiographs obtained by hybridization of artichoke 32P - 2S 
and/or 18S rRNA with 'Southern transfers' of Brassica DNA, after 
digestion with various restriction enzymes and fractionation on 
agarose gels, as described in Materials and Methods. 	Certain 
conventions have been followed. 	As with photographs of the gels, 
the direction of migration is from top to bottom. 	Lines show the 
position of bands, some of which are more readily discernible on 
the original autoradiographs. Autoradiographs in some figures 
come from different experiments, so bands of identical mol. wt. do 
not always have identical mobilities. 	Except where indicated, 
fractionation was on 1% or 1.% gels. 
Hybridization was with 2S and 18s rRNA. 
B. campestris cv. S724/TP88. 
B. napus 	CV. Pentland Harvester. 
C. 	B. oleracea 	var. Marrow stem kale. 
It should be noted that no firm conclusions can be drawn from the 
results of Fig. 23. Although hybridization to discrete fraents can be 
seen, the additional 'smear' of hybridization allows three interpretations 
of the results which cannot be distinguished in the present work. 
are: 
Incomplete digestion of the DNA with Hind III. 
Heterogeneity in molecular weight of the DNA preparations 
due to shearing. 
True heterogeneity in the prcportion cf rDNA repeat imits 




EcoRI-digested Brassica rDNA 
DNA was extracted from the selected tissue except where 
indicated. 	Although not described in the text, two wild. 
B. oleracea varieties (cabbage and kale) were also used for 
comparative purposes. 
 B. oleracea var. Wild cabbage. 	Greek. 
 var. Broccoli. White sprouting (stalk). 
C. var. Broccoli. 	it 
d. B. napus CV. DA927. FL.. 
e. B. campestris cv. S72/TP89. 
f. B. napus cv. DA926. 	FLi.. 
g. B. campestric cv. S724/TP88. 
h. B. oleracea var. Wild cabbage. 	Greek (leaves). 
i. B. narus CV. Pentland Harvester. 
. B. napus cv. DA927. FL. 
k. B. oleracea var. Broccoli. 	Purple sprouting. 
1. 19 var. Broccoli. White sprouting. 
M. it var. Broccoli. 	Green sprouting (Calabrese). 
 tv var. Wild kale (leaf). 
 B. campestris cv. S7214/TP88 (young). 
 B. oleracea var. Broccoli. 	Purple sprouting (stalk). 
 var. Cauliflower. 	All the Year Round. 
 var. it • 	Armada April, 
S. var. Cabbage. 	Celtic X. 
t. B. campestris cv. S726/TP90. 
 B. oleracea var. Bruse1s sprout. 	Glossy-leaved. 
 it var. Thousand-headed kale. 
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FIGURE 2 
Densitometer scans of EcoRI—digested Brassica rDNA 
restriction fragments 
The peaks represent EcoRI rDNA fragments hybridizing with 
2S and 18S rRNA. 
B. oleracea var. Marrow stem kale. 
B. campestris cv. S724/TP88. 
C. 	B. napus cv. DA927. F4. 
FIG. 2 
Mr (bp) 




patterns are rather complex, though major fragments of 100, 1260 and 
960 bp common to the three species could be seen. The relative 
intensity of the 1500 bp fragment was reduced in B. campestris relative 
to B. oleracea and B. napus, and in later experiments could not be 
detected in B. campestris (Fig.26(ii)). It probably represents a product 
of EcoRI* digestion, the significance of which will be discussed later. 
B. campestris and B. napus showed in addition a major fragment of 
2200 bp, absent from B. oleracea. 	A number of low mol. wt. fragments 
could be seen, which varied in number and intensity within B. oleracea, 
but gave a more constant pattern in B. campestris and B. napus. A 
number of high mol. wt. fragments was also produced, varying in size, 
number and relative intensity within B. oleracea and between B. oleracea 
and B. campestris. B. napus showed a fragment pattern consistent with 
the species being an amphidiploid (Fig. 24) of B. oleracea and 
B. campestris. 
Row can the presence of the 'variable' fragments be explained? 
Since all digestions were carried out under identical conditions, and 
assuming equivalent parities of all DNA samples, it is likely that 
some of the variation in the high mol. wt., submolar fragments is due 
to spacer heterogeneity. 
The three major rDNA fragments also varied in their relative 
proportions. 	In addition, some B. oleracea varieties, e.g. glossy— 
leaved sprout showed only one low mol. wt. rDNA fragment (560 bp) 
but others had a similar number to B. campestris and B. napus. 	The 
si relation of the 640 and 480 bp fragments to the 1260 
and 960 bp fragments respectively, was shown by a time coarse digestion 
of All the Year Round Cauliflower DNA with EcoRI (Fig.26&27). The 1260 
	
'T(TTP 	o 
Relationship between Brassica EcoRI rDNA fragments and 
their coding capacities 
(i) All the Year Round cauliflower DNA was digested for various 
times with an excess of EcoRI and hybridized with 2S + 18S rENA 
after transfer to nitrocellulose. 
1 mm. 
15  mm. 




(ii) 	Hybridization of EcoRI-digested Brassica DNAs with 2S rENA. 
 B. capestris cv. S724/TP88. 
 B. oleracea var. Broccoli. 	Purple sprouting. 
C. var. Cauliflower. 	All the Year Round. 
 var. Cauliflower. Armado April. 
 B. napus cv. Pentland Harvester. 
(iii) 	Hybridization of EcoRI-digested Brassica DNAs with 18S rENA. 
 B. oleracea var. Brussels sprout. 	Glossy-leaved. 
 B. campestris cv. S724/TP88. 
C. B. oleracea var. Cabbage. Celtic X. 
 it var. Cauliflower. Armado April. 
 var. Cauliflower. All the Year Round. 
 var. Broccoli. 	Purple sprouting. 
 B.napus CV. Pentland Harvester 














Densitometer scans of Fig. 26 (1) showing time-course of 
Al! the Year Round cauliflower rDNA digestion with EcoRl 
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and 960 bp fragments of the initial 'basic' pattern were further 
digested to give lower mol. wt. fragments, predominantly 640 and 
480 bp. 	Digestion of the 560 and 1500 bp fragments was minimal. 
Since the digestion was under conditions which should allow only 
canonical EcoRI activity and the resulting pattern was similar to that 
where EcoRI* activity may have occurred (Fig. 24), it is unlikely that 
the low mol. wt. fragments resulted from the action of EcoRI*. 
Assuming that differences in the relative intensities of the three 
major fragments and the number and intensity of the low md. wt. 
fragments were due to rDNA heterogeneity, the following intraspecific 
differences in B. oleracea rDNA structure were apparent. Glossy-
leaved sprout and Armada April cauliflower (curd) DNAs show the 'basic' 
EcoRI rDNA fragment pattern with only one low mol. wt. fragment (560 bp) 
(see Fig. 24). Purple and white sprouting broccoli and Celtic X 
cabbage DNAs showed the 'All the Year Round' cauliflower pattern 
(Fig. 26), but with no diminution in intensity of the 1260 and 960 bp 
fragments. Thousand headed kale leaf rDNA also showed a similar 
pattern to All the Year Round cauliflower, but with a greater proportion 
of low to high mci. wt. fragments than in any other variety. DNA from 
the stem of this variety gave the 'basic' fragment pattern. 	Thus, 
varietal, cultivar and possibly tissue heterogeneity occurs in the 
proportion of rDNA fragments with addtionai EcoRI sites in the 1260 
and 960 bp units within B. oleracea, in addition to possible heterogeneity 
reflected in the variable high mci. wt. fragments. 	No obvious 
taxonomic correlations could be drawn from the observed heterogeneity. 
To obtain more information about the structure of the rDNA unit 
and its interspecific variation, 25S and 18s rRNA were hybridized 
separately to Southern transfers of EccRI-digested Brassica DNA. 
25S rRNA hybridized predominantly to the 1500 and 960 bp fragments 
of B. oleracea and to the 2200 and 960 bp fragments of B. campestris 
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(Fig. 26 (ii)). 	18S rRA in contrast hybridized to the 1260 bp fragment 
as well as the 2200 bp fragment of B. camrestris (ani 3. napus) 
(Fig. 26 (iii)), though relatively faintly to the latter frament. 
Faint hybridization of 2S and 18S rDNA to the low mol. wt. fragments 
of some digests could be seen (Fig. 26 (ii) & (iii)). 
Making a number of assumptions, it was possible to construct 
a preliminary map of the rDNA unit of B. oleracea and B. campestris. 
1 • To minimize fragment ordering problems resulting from the previously 
described heterogeneity in high and low mol. wt. rDNA fragments, 
it was assumed that the B. oleracea rDNA unit is made up from 
the three major fragments and the 560 bp fragment, produced in 
the 'basic' pattern (Fig. 26 (i)). 
It was assumed that all rDNA restriction fragments were trans-
ferred with equal efficiency, and, since filters were not sub-
jected to RNAase treatment, that there was no non-specific binding 
of radioactivity. 
A linear response of the X-ray film to the amount of radioactivity 
was assumed, an assumption supported by data of Laskey and Mills 
(1977). 
The approach adopted was to scan the autoradiographs and calculate 
the relative % labelling of rDNA fragments. Knowing the size of each 
fragment, the ratio of the relative peak area (corresponding to the 
% labelling) to the fragment size gave the relative molar yield of 
each fragment. 	The quantitation of hybridization to 2S or 1S rRNAs 
alone allowed the various fragments to be 	os- 	to the 2S 
or 18S coding sequences. 
1 14 
Since B. napus contains rDNA repeat units characteristic of 
both progenitor species it could not be conveniently used in the 
mapping procedure. 	A summary of the results used to derive the 
maps is shown in Tables 15 and 16 . The analysis showed that the 
2200, 1260 and 960 bp fragments are present in eauimolar ratios, 
there being two of each/rDNA unit. The 2200 bp fragments hybridized 
to 2S and 18s rRNAs, the % labelling values showing that the fragments 
code for about half of the 25S  sequence and for a small proportion 
of the lBS sequence. 	The 2200 bp fragment must, therefore, 'bridge' 
the 18S - 2S gap which is presumably filled by transcribed spacer. 
The 960 bp fragments, hybridizing only to 2S rRNA, must lie on the 
3' side of the 2200 bp fragments. 	Similarly the 1260 bp fragments, 
hybridizing only to 185 rRNA are located on the 5 1 side of the 2200 bp 
fragments, giving the map shown in Fig. 28B. 
For B. oleracea, 	6ere the main difficulty was that 
no fragment hybridized to both 2S and 18s rRNA. The two 2200 bp 
rDNA fragments of B. campestris represent a total length of 4400 bp, 
and the three 100 bp rDNA fragments of B. oleracea, a length of 400 bp. 
Since the size of the other major rDNA fragments in the two species 
was the same, it seems reasonable to assume, given no major rearrangement 
of sequences, that the ordering of 1500 bp rDNA fragments relative 
to the other size classes is the same in B. oleracea to that of the 
2200 bp fragments in B. campestris, giving the map of Fig.28A. The 
B. oleraoea rDNA unit also differs in that it contains an additional 
960 bp fragment compared to B. campestris. 	The small fragments of 
B. camestris rDNA were all present in submolar yields, but the 560 bp 
TABLE 1 
The sizes, relative molar yields and coding capacities of 
B. campestris EcoRI—cleaved rDNA fragments 
Values are means of 2 experiments with DNA of 2 B. campestris 
cultivars. 
TABLE 1 
Mr of fragment (± 100 bp) 2200 1260 960  6110 560 ~ 80 L2~ 
% labelling with 2S + 18S 
rRNA 4.1 26 .5 22.3 3.5 1.7 3.9 1.0 
Relative molar yield 1.8 2.1 2.2 O. 0.30 0.80 0.20 
Corrected molar yield 2.0 2.0 2.0 0.6 0.3 0.87 0.2 
Total length (bp) 4400 220 1920 
Coding capacity 20/18S 	6/2S 80/18S 
(% labelling with 25S and! 
or 18S rRNA) 
Length of gene/spacer 
sequence (bp) 2630/1770 169/820 173/18 
Length of gene sequences (bp) = 3940 (2S) + 2120 (183) = 6060 
Length of spacer sequences (bp) = 363 
Length of repeat unit (bp) = 8840 
ELE 16 
The sizes, relative molar yields and coding capacities of 
B. oleracea EcoRI—cleaved rDNA fragments 
Values are means of 3 experiments with 3 3. oleracea 
varieties. 
TABLE 16 






% labelling with 2S + 18S rRNA 
Relative molar yield 
Corrected molar yield 
Length of sequence (bp) 
Coding capacity 
(% labelling with 2S and/ 
or 18S rRNA) 
Length of gene/spacer sequence 
(bp) 
Length of gene sequences (bp) 
Length of spacer sequences (bp) 
Length of repeat unit (bp) 
38 27 29 
2 .5 2.1 3.0 0.9 
3.0 2.0 3.0 1.0 
4500 220 2880 560 
8/2s 100/18s 
2285/2215 	 2120/400 	 1655/1225 
= 3940 (25s) + 2120 (18s) = 6060 
= 1t800 
= 9900 	( 10460 	including 560 bp fragment) 
EcoRI-derived maps of Brassica rDNA units 
B. oleracea. 
B. campestris ssp. rapifera (turnip) 
B. campestris ssp. pekinensis (Chinese cabbage) 
(Friedrich et al., personal communication) 
The sizing, calculation of fragment molar yields and 
ordering of EcoRI fragments relative to the 18S and 2S rRNA 
genes was described in the Materials and Methods and Results 
sections. 	This involved hybridization of 2S + 18s, 2S or 
18  rRTA to Southern transfers of EcoRI-digested. Brassica DNA. 
The size of fragments is ± 100 bp. The assumptions made in 
deriving these maps are described in the text. The map for 
Chinese cabbage rDNA is included for comparative purposes. 
Vertical lines indicated the position of EcoRI sites in the 
rDNA. Scale: 20 mm = 1000 bp. 
The maps of the 3. oleracea and B. campestris rDNA units each 
show three possible arrangements 
fragments, compatible with their 
•.Df 	the EcoRI-derived.-rDNA restriction 
relative molar yields and % 
hybridization with 2S and/or 18s rENA (Tables 15 and 16). 	The  
different arrangements cannot be distinguished from the On --a used 
to produce the maps. 
FIG. 28 
51 	 1260 	1260 	960 , 	1500 	, 960 	_1500 	, 960 	1500 	3 
51 	 1260 	, 1260 	1500 	960 	, 960 	1500 	1500 	960 	.31 
	
A. 	 I_isl_I 	I_I_25s! 
1260 	1260 	 1500 	1500 	 1500 	960 	960 	960 
S 	 I 	 3 
118S I_I2SI_I 
5 1 	 3 1 1260 	1260 	 2200 	 960 	2200 	 960 
B 	5 	
1260 	1260 	 2200 	 960 	960 	2200 	 3 1 
. 
4 
LI 	 1260 	1260 	 2200 	 2200 	 960 	960 	31 
I_I_i8s1_1 	 I_1252 1_I 
C. 	' 	2270 	 3330 	 1515 	 2270 	 3' 
Ii8sI I_125S1_I 
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fragment of B. oleracea gave a molar yield in varieties where it was 
present as the Dnly low mol. wt. fragments. 	The relationship of the 
560 bp fragments to the major fragments is not obvious. In some 
B. oler.cea varieties the molar yield of this fragment was less than 
one. 
It should be noted that there is a discrepancy of 600-1000 bp 
between the size of the rDNA unit estimated from the sum of the 
EcoRI fragments and that of the intact unit cleaved by Hind III. This 
difference is partly accounted for by experimental error, but may 
also be thie to spacer with no attached gene—coding sequences, which 
would remain undetected by the hybridization probes. 
3.5. 3. 	)CicI 
Hybridization of rRNA to XhoI restriction fragments of Brassica 
DNA gave the pattern of Fig. 29. B. oleracea gave three labelled 
rDNA fragments, B. campestris apparently two. 	However, the larger 
rDNA fragment of the latter species is actually a doublet, with 
sizes of ca. 10500  bp and 9800 bp. 	The largest B. oleracea rDNA 
fragment is 10500 bp. 	These large fragments represent intact rDNA 
units with a single Thol site. 	In addition to the intact units, 
B. oleracea showed fragments of 7500 and 2800 bp, and B. campestris 
a fragment of 4800 bp. 	From a limited survey of B. oleracea (Fig. 29 (ii)) 
it is clear that there is some heterogeneity in the fragment pattern. 
All the Year Round cauliflower rDNA contains a greater proportion of 
the 10500  bp fragment relative to the other two fragments than DNA from 
Celtic X cabbage or Armad.o April cauliflower (Fig. 29 (ii)), and therefore, 
as will be seen, a greater relative proportion of rDNA units with one 
compared to two ThcI sites. 	This, therefore, demonstrates both 
FIGURE 29 
Thol-digested. Brassica rDNA 
(i) and (ii) 	Hybridization with 2S + 18S rRNA. 
(1) 
B. capestris cv. S726/TP90. 
B. oleracea 	var. Thousand-headed kale. 
(ii) 
B. campestris cv. S724/TP88. 
B. oleracea 	var. Cabbage. Celtic X. 
C. 	 It 	 var. Cauliflower. All the Year Round. 
ci. 	it 	 var. Broccoli. Purple sprouting. 
e. B. napus 	cv. Pentland Harvester. 
(iii) 	Hybridization with 2S rRNA. 
B. oleracea 	var. Cabbage. Celtic X. 
it var. Cauliflower. All the Year Round. 
B. campestris cv. S724/TP88. 
(iv) 	Hybridization with 18S rRNA. 
B. oleracea 	var. Marrow stem kale. 
B. narus 	cv. Pentland Harvester. 















varietal and cultivar heterogeneity. 	At a specific level, the 
radioactivity of rDl'TA not cleaved into discrete fragments suggests 
heterogeneity in the rDNA for Thol sites, analogous to the 
situation with Hind III, in that only a proportion of the rDNA 
units contain Thol sites. 	This is particularly noticeable with 
B. campestris and B. napus rDNA. 
On hybridization to 2S rRNA, the 2800 bp fragment of 
B. oleracea was the only rDNA fragment remaining unlabelled 
(Fig. 29 (iii)). 	This fragment was intensely labelled on 
hybridization to 18s rRNA (Fig. 29 (iv)) and must code for 
the 18S gene, as well as containing a small proportion of spacer 
seauences (since only about 2100 bp of rDNA code for 18s rBNA). All 
rDNA fragments were labelled on hybridization of Thol—digested 
B. oleracea and B. napus DA with 18S rRNA (Fig. 29 (iv)), except 
for the 700 bp fragment of B. olaracea (and B. napus). The 
700 bp fragment must therefore consist of the entire 2S coding 
sequence (ca. 3900 bp) plus the majority of the spacer rDNA. The 
2800 bp fragment represents the remaining part of this class of 
rDNA unit, giving a length of 10300 bp. This compares well with 
1000 bp for the class of B. oleracea rDNA unit with a single XhoI 
site. The accuracy of size determination is insufficient to 
conclude that the difference between the two values represents 
length heterogeneity in the rDNA unit. 
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25S and 185 iDNA hybridized to all the B. campestris JCioI 
fragments (Pig. 29 (iii) & (iv)), though the 10500/9800 bp 
fragments were poorly resolved. 	This species, like B. oleracea, 
therefore also displays sequence heterogeneity, a proportion of 
the rDNA units containing two Thol sites, and comprising two 
4800 bp fragments. A priori, it seems likely that the 
4800 bp fragment, a '--mer' of the 9600 bp rDNA repeat unit, 
is derived from an additional XhoI site 4800 bp from the 
first site. 	As will be discussed later, however, the two 
classes of rDNA unit may be entirely unrelated with respect 
to the relative positions of restriction sites. 	The third 
class of rDNA unit, 1 0500 bp, is 'B. oleracea—like' in size. 
The high mci. wt. Thol rDNA fragments were not well 
resolved by densitometry, but estimates were made of their 
relative molar yields. 	Since the 2800 bp fragment contains 
relatively little spacer compared to the larger fragments, the 
apparent molar yield of this fragment was three, whereas in 
stoichiometric terms, the yield must be one. 	The data are 
summarized in Tables 17 & 18. The average ratio of rDNA 
units with one Thol site to those with two was 1:2 in 
B. oleracea. 	Conversely in B. campestris the corresponding 
ratio was 2:1 (the 10500 bp unit was estimated to be approximately 
one third of the rDNA units with one )ChoI site). 
TABLE 17 
The sizes, relative molar yields and coding capacities of 
B. oleracea Thol-cleaved rDNA fragments 
Values are means of 3 experiments with 5 varieties. 
TABLE 17 
Mr of fragment (bp) 
	
1000 	 7500 	 2800 
% labelling with 2S + 18S rRNA* 
	
36 	 33 	 31 
Relative molar yield 
Corrected molar yield 
Coding capacity 
(% labelling with 2S and/or 18S ANA) 
Length of gene spacer sequence (bp) 
	
0 .34 	 0.44 	 1.11 
1.0 	 1.0 	 3(1.0) 
0/2S, 5o/18s 	 0/25s 
6100/4100 	 3940/3 60 	 2120/68() 
TABLE 18 
The sizes, relative molar yields and coding capacities of 
B. campestris ThcI—cleaved rDNA fra gments 
Values are means of 3 experiments with 2 cultivars. 
TABLE 18 
Mr of fragment (bp) 
% labelling with 25s + 18S rRNA* 
Relative molar yield 
Corrected molar yield 
Coding capacity 
(% labelling with 2S and/or 18S rRNA) 














3.. L. 	Barn HI 
Hybridization of 2S and 18S rRNA to Barn HI DNA digests revealed 
the presence of five major rDNA fragments of 2600, 1800, 600, 500 and 
240 bp (Fig-30  (i)). In earlier experiments, contaminant nuclease activity 
precluded the detection of higher mol. wt. fragments in B. oleracea 
and B. napus shown in a later experiment using 18S rRNA (Fig. 30(u)). 
The 4800 bp fragment of B. napus corresponds to that of B. campestris 
seen in the earlier experiments (Fig.3 0(i). The upper band of 
B. napus corresponds to the single 5500  bp rDNA fragment in B. oleracea. 
The 4800 and 5500 bp fragments probably represent rDNA units of 
B. oleracea and B. camoestris respectively, cleaved into two 
approximately equal fragments, analogous to the cleavage of 
B. campestris rDNA by XhoI. 	However, only about % of the total 
radioactivity was present in these high mol. wt. fragments, and they 
therefore represent a minor proportion of the rDNA units. 	18s rRNA 
hybridized to the 2600 bp fragment and to a lesser extent, the 
1800 bp fragment (Fig. 30(u)). 
Hybridization experiments were not performed with 2S rRNA, but 
it can be assumed that the 2600 bp fragment, present in molar amount 
contains most if not all the 18s gene, the 18170 bp fragment possibly 
reflecting rDNA heterogeneity, or containing a relatively small 
length of 18S coding sequence. 	It therefore follows that the 
remaining rDNA fragments contain only 2S rRNA coding and spacer 
sequences and that the 2S rRNA gene contains more Barn HI sites than 
the 18S rRNA gene. Assuming the fragments are complete digestion 
products, some fragments must be present in multimolar yield 
and be reiterated within the rDNA unit. 
FIGURE 30 
Barn HI—digested Brassica rDNA 
(i) Hybridization with 2S + 18S rRNA. 
B. oleracea 	var. Marrow stern kale. 
B. napus 	cv. Pentland Harvester. 
C. B. campestris cv. S724/TP88. 
(ii) 	Hybridization with 18S rRNA. 
B. oleracea 	var. Marrow stem kale. 
B. napus 	cv. Pentland. Harvester. 






3.5. 5. 	Rae III 
Rae III, which has a tetranucleotide recognition sequence, gave a 
distinctive pattern of rDNA fragments (Fig. 31), notable for their 
low mol. wt. This is not unexpected since the chance occurrence 
of a tetranucleotide sequence is nearly 30-fold greater than of a 
hexanucleotide sequence. Hybridization with 25S and 18S rRNA showed 
a series of closely-related fragments, ranging from 230-860 bp in the 
three Brassica species, with a faintly labelled fragment of 1100 bp. 
Prolonged autoradiography revealed additional fragments of 1600, 14 
and 110 bp. 	Three B. oleracea varieties gave identical fragment 
patterns (results not shown). 
Digestion of rDNA with Rae III therefore revealed no obvious 
intra or interspecific differences. 	Closer examination of the fragment 
patterns and densitometer scans (Figs. 31 & 32) revealed two subtle 
differences between B. oleracea and B. campestris. 	The 335 bp rDNA 
fragment of B. campestris showed a slightly lower, but reproducible 
mobility corresponding to 310 bp in B. oleracea. 	The 505 bp fragment 
of B. oleracea was relatively less intense than the corresponding 
fragment of B. campestris. 
Before considering further the stoichiometry and coding capacity 
of the fragments, it is pertinent to consider two technical questions. 
First, because of the small sizes of the rDNA fragments, their high 
mobility could have caused fragments to be lost from the bottom of the 
gel. This seems unlikely - fractionation on 2% agarose gels gave the 
best resolution of Rae III rDNA fragments but the pattern from 1 . 5% gels 
was not visibly different (Figs. 31 & 36 (i)). 	Conclusions about 
FIGURE 31 
Hae 111—digested Brassica rDNA 
(i) 	Hybridization with 2S + 18S rRNA. 
11 	 it 	2S rRNA. 
18S rRNA. 
B. oleracea 	var. Narrow stem kale. 
B. naus 	cv. Pentland Harvester. 
C. 	B. campestris cv. S7241TP88. 
(i) 
	 (ii) 	(iii) 








Densitometer scans of Hae 111—digested Brassica rDNA 
restriction fra gments 
The scans correspond to the autoradiograph of Fig. 31 (i) 
and the peaks represent Hae III rDNA fragments hybridizing with 
2S + 18S rRNA. 
B. oleracea 	var. Marrow stem kale. 
B. campestris cv. S72/TP89. 
C. B. napus 	cv. Pentland. Harvester. 
FIG. 32 
Mr (bp) 






fragment stoichiometry may be limited by the fact that the majority 
of fragments were smaller than 500 bp, below which molecular weight 
the transfer process becomes inefficient (Southern, 197. 	The fact 
that there was no noticeable fall in intensity of fragments below 
500 bp suggests no drastic reduction in transfer efficiency. More-
over fragments as small as 110 bp could be detected by hybridization. 
An overall reduction in transfer efficiency of the Hae III rDNA fragments 
was however suggested by the relatively low intensity of these fragments 
compared to EcoRI and Thol rDNA fragments (Fig. 36). This could be 
explained on a similar basis to the results with Hind III, i.e. sequence 
heterogeneity, reflected in some rDNA units having no Hae III sites. 
The latter explanation is unlikely since 
No high mol. wt. rDNA could be detected as was seen after hybridization 
to Hind. 111-digested rDNA (compare Fig. 23 and 31). 
If it is assumed that all rDNA units have Thol sites, then sequence 
heterogeneity for Hae III sites should result in a proportion of the 
ThaI rDNA fragments remaining uncleaved by Hae III. Double digestion 
of DNA with )CnoI/Hae III and subsequent hybridization with rENA showed 
however that all XhoI rDNA fragments were digested to low mol. wt. 
fragments characteristic of Hae III (results not shown). 
Hae III rDNA fragment sizes, % labelling and relative molar yields 
are summarized in Table 19. 	The 1600, 1100, 145  and 110 bp fragments 
could not be quantitated accurately by densitometry, except after 
prolonged autoradiogTaphy when the intensity of other fragments was 
beyond the linear resp:nse of the X-ray film. 	It is assumed that 
these fragments represent either largely spacer sequences, or hetero-
geneity in a small proportion of the rDNA units. The stoichiometry of 
labelling suggests that each rDNA unit is made up from a large number 
TABLE 19 
The sizes, relative molar yields and coding capacities of 
Hae 111—cleaved rDNA fragments 
All values are the mean of 3 experiments. 
*The second value assumed that 	of the rDNA units contain 
the 860 bp fragment 
TABLE 19 
Mr of fragment (± 100 bp) 	1600 1100 860 610 505 120 33/310 jjj. 110 
B. oleracea 
% labelling 2S + 18S rRNA 	<(1 <1 14.0 12.5 8.0 27.0 29.0 5.0 1.0 <1 Ki 
Relative molar yield 0.14 0.2 1 .5 6.9 9.2 1.9 7.0 
Corrected molar yield 0.50 2.0 2.0 7.0 9.0 2.0 7.0 
Fragment length (bp) (860) 1220 1010 2370 2790 550  1610 
Repeat length (bp) 	9910/10770* 
B. campestris 
% labelling 2S + 18S rRNA 	<<1 0.6 14.0 12.0 1 7.5 2.0 16.0 10.0 16.0 1.3 <1 
Relative molar yield 0.45 2.0 3.5 5.5 5. 0  3.6 6.9 0.9 
Corrected molar yield 0.5 2.0 3.0 6.0 5.0 L1.0 7.0 1.0 
Fragment length (bp) (860) 1220 1515 2310 1 6 75 1100 1610 1)15  
Repeat length (bp) 	91460/10320* 
B. napus 
% labelling 2S + 18S rRNA 	<<1 0.6 14. 0 11.0 17.5  22.5 16.0 9.0 18.5 <1 <1 
Relative molar yield 0.145 1.8 3.5 6.0 14.8 3.3 8.0 
Corrected molar yield 0 .5 2.0 3.0 6.0 5.0 3,0 8.0 
Fragment length (bp) (860) 1220 1515  23140  1675 825 18140 
Repeat length (bp) 	9141/1027* 
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(28 - 30) of rDNA fragments, the multimolar yield of several fragments 
showing the occurrence of 	 reiteration within the rDNA unit. 
The 860 bp fragment gave only a 0.5 N yield relative to the other 
fragments, possibly representing length heterogeneity in spacer sequences 
of % of the rDNA. The size of the rDNA unit derived from summation 
of the molar yields of each fragment is again greater in B. oleracea 
(9900 bp) than in B. campestris (940 bp). Although the absolute size 
of the rDNA unit is smaller than from estimates with Hind III and XhoI, 
the relative interspecific difference is the same. 
2S rRNA hybridized to the 390 and 33/310 bp rDNA fragments of the 
three Brassica species, constituting about 7Y/o of the total hybrid in 
B. campestris and B. napus, but about 96 in B. oleracea (Figs. 31 (ii) and 
33). 	On hybridization to 2S r1llTA, the region of the 505  bp fragment was 
resolved as two closely—spaced fragments of 540 and 490 bp in B. campestris 
and B. napus, but these fragments were completely absent from B. oleracea. 
The simplest explanation for this difference is incomplete digestion. 
Since B. oleracea contains less rDNA than B. campestris or B. napus, 
then the rDNA of the former species may have been digested to a greater 
extent, although the 'missing' fragments bear no obvious stoichiometric 
relationship to any of the smaller fragments. The only feasible 
alternative explanation is the evolution of different Hae III sites in 
B. oleracea. For example, a fragment corresponding in length to three 
LO bp fragments of B. campestris, may have been restricted from an initial 
1620 bp fragment in B. oleracea giving four 390 bp fragments on further 
digestion. A 980 bp fragment (2 x 490 bp) could have been cleaved 
to give three 310 bp fragments. Since the 40:490 bp fragment ratio 
is similar to that of 390:33 bp fragments, such a mechanism would allow 
FIGURE 33 
Densi.torneer scans of Hae III— iested Brassioa rDN 
restriction fragments 
The scans correspond to the autoradiograph of Fig. 31 (ii) 
and the peaks represent Hae III rDNA fragments hybridizing 
with 2S rRNA. 
B. oleracea 	var. Marrow stem kale. 
B. campestris cv. S72/TP89. 
C. B. napus 	cv. Pentland Harvester. 
K a . 33 	 M (bp) 
C 	 0 	C. CD 	f, c 	 0 
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the larger fragments to 'disappear' without affecting the ratio of the 
smaller fragments. 
Hybridization of 185 rRNA to Rae III restriction fragments showed 
the labelling pattern of Fig. 31 (iii). Hybridization was predominantly 
to five fragments, 860, 610, 505, 275 and 230 bp, to which 2S rRNA did 
not hybridize. 	Densitometer scans (Fig. 34) showed no relative decrease 
in hybridization of 18S rRNA to the 505 bp fragment of B. oleracea 
compared to other fragments, as observed after hybridization with both 
2S and 18S rRNAs (Fig. 32). 	Thus if different degrees of digestion 
explain the absence of 540 and 490  bp rDNA fragments from B. oleracea, 
present in B. campestris and B. napus, then restriction sites containing 
2S coding sequences are cleaved more slowly by Rae III than those 
with 18S sequences. 
Due to the large number of Rae III fragments comprising a single 
rDNA unit, relative ordering of the fragments and derivation of a map 
was not possible. 	Nevertheless, the results demonstrate the large 
number of Rae III sites in the rDNA unit of B. oleracea and B. campestris. 
3.. 6. 	Ribosomal DNA structure in different tissues of marrow stem kale 
Quantitative rRNA/DNA hybridization experiments showed that 
different tissues of marrow stem kale in particular the stem and leaves, 
contain different rDNA amounts (Section 3.3. 2.7.). 	An investigation 
was made to determine whether these differences could be related to 
any heterogeneity in rDNA structure. 
The fragment patterns on gels resulting from digestion of DNA from 
the different tissues with EcoRl, Thol and Rae III were very similar for 
each enzyme (Fig. 3). 
FIGURE 3)4 
Densitometer scans of Hae III—diested Brassica rDNA 
restriction fraents 
The scans correspond to the autoradiograph of Fig. 31 (iii) 
and the peaks represent Rae III rDNA fragments hybridizing with 
18s rRNA. 
B. oleracea 	liar. Marrow stem kale. 
B. campestris cv. S72/TP89. 
C. 	B. nanus (swede) CV. Pentland. Harvester. 
FIG. 3!4 
Mr (bp) 
0 	 0 	 0 1f\ 	0 	 0 
0 - 	0 7N rl\ 
("J 
FIGURE 3 
Restriction enzyme analysis of DNA from different tissues 
of B. cleracea var. Marrow stem kale- 
To:al DNA was extracted from different mature tissues of the 
same plants (io) and digested with different restriction enzymes 
and fractionated on al .% agarose gel. 
(±) Hae III. 
Thol. 
EcoRI. 
(i)-(iii) Source of DNA:- 
'Head' (flower buds). 
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Hybridization of 2S and 18S rRNA to the restriction fragments 
showed no marked tissue differences in the rDNA fragment patterns 
(Fig. 36). 	The high mol. wt. EcoRI rDNA fragments of stem tissue were 
relatively less intense than those of other tissues and a 480 bp fragment 
was also resolved. 	The possibility that DNA from this tissue was 
restricted to a greater extent than that from other tissues cannot be 
ruled out, and the differences may not represent true heterogeneity. 
The only other difference concerns the XhoI fragment containing the 18S 
gene (2800 bp). The mobility of this fragment was slightly greater in 
the rDNA of leaf tissue (Fig. 36 (ii)) and therefore the rDNA repeat 
unit may be slightly smaller in this tissue. The experiments thus 
revealed that tissues containing different rDNA amounts show no obvious 
differences in rDNA structure. Within the limits of the techniques, 
any mechanism for differential replication of rDNA does not, therefore, 
appear to involve a particular class of rDNA unit present in greater 
amount in certain tissues. 
Discussion 
It is useful to consider first some general features of the higher 
plant rDNA repeat unit. The available data show: 
i) The size of the rDNA unit of higher plants is conserved within 
the approximate range 9000-1100 bp (Table 3). The results 
of the present study fall within this range, the values estimated 
as 1000 and 9800 bp for the rDNA units of B. oleracea and 
B. camcestris respectively. 	The only exception to the above size 
conservation is that of the melon rDNA unit, which is estimated 
to be 11800 bp. Much larger variation has been found within other 
groups of eukaryotes, from analysis of smaller number of species, 
e.g. protozoa, insects (Table A. 
FIGURE 36 
Restriction enzyme analysis of rDNA from different tissues 
of B. oleracea var. Marrow stem kale 
Restriction fragments from the gel of Fig. 35 were transferred 
to nitrocellulose and hybridized with 2S + 18s rRNA. 
(i) Hae III. 
(±i) Thol. 
(i±) EcoRl. 
()—(iii) Source of DNA:— 
'Head' (flower buds). 
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2) The rDNA unit of dicotyledons analyzed (Table 3) has a single 
Hind III site located in the nontranscribed spacer region 
(Friedrich et al., personal communication). 	The presence of a 
single Hind III site in the rDNA unit of B. oleracea and 
B. campestris was confirmed in the present study, with the 
important qualification that only a small procortion (ca. 25,6) 
of the rDNA units were cleaved by Hind III. The possibility 
of incomplete transfer of the high mol. wt. Hind 111-cleaved 
rDNA to the nitrocellulose filter prior to hybridization, or 
incomplete digestion could be cited as invalidating the above 
conclusion. However, the relative intensity of the fragment 
corresponding to the Hind Ill-cleaved rDNA unit was lower on 
gels as well as on autoradiographs when compared to the intensity 
of EcoRI or Thol rDNA fragments (Fig. 17 (i) & Fig. 23). 
Despite the general conservation of rDNA unit size among unrelated 
higher plant species, it is clear that the B. oleracea rDNA unit is 
significantly larger than that of the closely related B. campestris. 
Since the rDNA Hind III site of all dicotyledons analyzed is in the 
nontranscribed spacer region, it can be reasonably assumed that the 
site has a similar location in the Brassica species and therefore that the 
above interspecific difference is due to a greater amount of nontranscribed 
spacer in B. oleracea compared to B. carnpestris. 
The occurrence of a single Hind III site as a feature of the 
dicotyledon rDNA unit may represent evolutionary conservation of part 
of the nontranscribed spacer due to a common structural or functional 
role of this sequence. 	The results of the present study suggest that 
such a conclusion is oversimplified since a mechanisms which maintains, 
directly or indirectly the rDNA Hind III site appears to operate on only 
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a small proportion of the rDNA repeat units. 
Results of EcoRI restriction of Brassica rDNA were complicated 
by the variable rDNA fragment patterns obtained. Nevertheless, 
EcoR]: was the only restriction enzyme which allowed preliminary maps 
to be constructed of the rDNA unit. The only direct comparison 
which can be made with other data is between the EcoRI map for 
B. campestris ssp. rapifera (turnip) rDNA derived from the present 
study and the corresponding map for B. campestris ssp. pekinensis (Chinese 
cabbage) (Friedrich et al., personal communication). The value for 
the size of the Chinese cabbage rDNA unit, 9400  bp, agrees well with 
that of turnip, 9800 bp, but the structure of the respective EcoRI 
maps are different (Fig. 28 B and C). Chinese cabbage rDNA has four 
EcoRI sites compared to the five of turnip, and no EcoRI fragment of the 
former subspecies was present as multiple copies. 	Such differences in 
structure are not surprising, since Chinese cabbage and turnip have 
European and Oriental origins respectively, and are sometimes considered 
sufficiently different to be classed as different species. 	Contiguous 
reiteration of restriction fragments within the rDNA unit has not been 
shown for the other higher plant species analyzed, although Chinese 
cabbage does appear to contain two EcoRI rDNA fragments of almost equal 
length, which are similar in size to those of turnip (Fig. 28 B and C). 
It cannot be ruled out however that some of the assumptions made when 
deriving the rDNA maps of the present study are invalid, and without 
confirmatory double digests, the preliminary nature of the maps must be 
borne in mind. 
Comparing the maps for B. campestris and B. oleracea, a major 
difference is the presence of an additional 960 bp fragment rn the 
B. oleracea rLNA unit. 	This fragment appears to account 
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for the greater size of the B. oleracea rDNA unit and, as suggested 
from results with Hind III, is largely nontranscribed spacer. The 
mapping of the B. cleracea rDNA unit must be 	 in error with 
O06 
respect to this fragments, since Fig.28A shows that o ne  I500ii'Ore960 bp 
fragment apparently code for no part of the 2S rRNA gene. However, 
if this were true the'additional' 	fragments would remain undetected 
in the hybridization experiments, and since the relative molar yield of 
-1-1igOOLP  
the 960 bp fragments calculated from these experiments was three,the 
"S 
clearly must code for a small part of the 2S gene. 
Circumstantial evidence can be interpreted to demonstrate divergence 
of EcoRI sites between B. oleracea and B. campestris. 	Under conditions 
where EcoRI* activity may have occurred, B. camDestris showed a 
relatively small amount of a 100 bp rDNA fragment compared to that of 
the 2200, 1260 and 960 bp fragments.(Fig. 24). Under stringent 
conditions, the 100 bp fragment of B. campestris was not detected 
(Fig.26(ii)). The similarity in length of the region of the B. oleracea 
rDNA unit occupied by three 100 bp fragments compared to the two 
2200 bp fragments of B. campestris has already been emphasized. 	The 
above results suggest that at some point in the evolution of the rDNA 
of these two species, the B. campestris rDNA unit also had four EcoRI 
sites which gave rise to three 100 bp EcoRI fragments. Two sites 
were subsequently lost and a new, central site evolved giving two 
2200 bp fragments. 
EcoRI would not recognise the modified sites but a point mutation 
would still allow EcoRI* to cleave the unaltered tetranucleotide sequence, 
giving rise to the 100 bp rDNA fragments. A more detailed comparison 
of the rDNA fragment patterns resulting from conditions producing 
maximum EcoRI* and EcoRI activities, would substantiate the above hypothesis. 
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Results using EcoRI also suggested intraspecific sequence 
heterogeneity in the B. oleracea rDNA unit. 	The largely 
circumstantial evidence is complicated by the 	Sc 	relation 
of the 1260 and 960 bp fragments to the 640 and 280 bp fragments. 
The previously described lack of correlation between the relative 
intensities of these fragments on autoradiographs suggests that 
the heterogeneity cannot be explained simply on the basis of incomplete 
digestion, and the production of low mol. wt. fragments under stringent 
digestion conditions (Fig. 26 (i)) should eliminate EcoRI* activity as 
an alternative explanation. In no experiment was there a significant 
decline in relative amount of the 2200 and 100 bp fragments of 
B. campe3tris and B. oleracea respectively. 	Thus if sequence heterogeneity 
in the 1260 and 960 bp fragments accounts for the 640 and 480 bp 
fragments, the largest major fragment of each species has in contrast 
been conserved in sequence. The derivation of the EcoRI 560 and 
42 bp rDNA fragments found in varying amounts in B. oleracea, 
B. campestris and B. napus is not obvious, but their presence also 
suggests rDNA sequence heterogeneity. A possible but speculative 
explanation can be given for the derivation of the 560 bp fragment, 
which bears no simple stoichiometric relation to any major fragment. 
In a proportion of the rDNA units the 3' terminal L80 bp 
fragment, derived from a 960 bp fragment with an additional, central 
restriction site, is contiguous with a 640 bp fragment (resulting from 
cleavage of an adjacent 1260 bp fragment). 	Loss of a site between 
contiguous 480 and 60 bp fragments and gain of a central site would 
result in two 560 bp fragments. However, if the above explanation 
is correct, 640 and 480 bp fragments should also result in 
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equivalent molar yields to the 560 bp fragment. These were 
invariably sen in B. campestris and B. napus, but not in all 
B. oleracea varieties (Fig. 24). 
More EcoRI sites in Brassica rDNA apparently occur in the 2S 
gene than in the 18s rRNA. 	Friedrich et al. (personal communication) 
showed that the 2S rRNA gene of Chinese cabbage and mung bean 
(Phaseolus aureus) contains an EcoRI site, while that of soybean, stock 
and melon contains no EcoRI site; no species contained an EcoflI site 
in the las rRNA gene. The 2S rRNA gene of monocotyledon species 
is the only region of the rDNA unit containing an EcoRI site (R. B. 
Flavell, personal communication). 	The above results provide indirect 
support for previous conclusions that 18s rRNA contains a greater 
proportion of conserved sequences than 28S rRNA (G.erbi, 1976), although 
the apparent sequence heterogeneity in the 1260 bp fragments of Brassica 
rDNA involves sites in the 18S gene sequence. 
Divergence of monocotyledon from dicotyledon rRNA sequences was 
shown by the work of Vodkin and Katterman (1971). 	Restriction 
enzyme analysis shows that the rDNA unit of these two groups of higher 
plants also differs. While the size of the rDNA unit has been 
conserved (Table 3), the wheat, rye and barley rDNA unit contains 
only one EcoRt site compared to the several sites found in 
dicotyledon rDNA. 
Clearer evidence for rDNA sequence heterogeneity in both B. oleracea 
and B. campestris was provided by hybridizing rRNA to Southern transfers 
of XhoI restriction fragments. 	The 1:2 ratio of B. oleracea rDNA units 
with one and two Thol sites respectively is reversed. in B. campestris, 
and the two sites are further apart in the latter species. 	The 
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location of the Thol sites in the B. ca.mpestris rDNA unit is 
not known. 	It is of interest that a proportion of the B. campestris 
rDNA was cleaved to give 1000 bp units, corresponding in size to 
that of B. oleracea. 	Since units of this size were not detected on 
digestion with Hind III, they probably represent a distinct class 
of rDNA unit with no Hind III site. Since the 2800 bp fragment of 
3. olsracea contains the entire 18s gene, one XhoI site must occur 
in the transcribed spacer region between the 18s and 2S genes, the 
second in the spacer on the 5 1 side of the 18s gene, probably the 
nontranscribed spacer. 	It is not possible to localize the Thol 
site of B. oleracea or B. campestris rDNA units with a single XhoI 
site, since this may occur in the phase: 
+ 18s - 2S 	18s - 2S I 18s - 
or alternatively: 
- 18s + 2S - 18s 2S - 18S + 
Sequence heterogeneity in rDNA has also been found in mouse 
(Cory and Adams, 1977) and man (Arnheim and Southern, 1977). In 
man, results suggested the presence of two classes of repeat unit and 
in mouse, of two to four repeat classes, heterogeneity in the latter 
probably located in the nontranscribed spacer. This is comparable 
to the two classes of repeat unit in B. oleracea and three in 
B. campestris (these are increased to three and four respectively, if 
the heterogeneity represented by rDNA without Thol sites is taken 
into account). 
The results of hybridizing rRNA with Barn HI-digested DNA were 
unusual, in the production of a number of relatively low mol. wt. rDNA 
fragments. No fragment corresponded to the intact rDNA unit (Fig. 30), but 
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a small proportion (5 %) of the B. oleracea and B. campestris rDNA 
units were cleaved as '-i- mers', analogous to the similarly 'symmetrical' 
cleavage of B. campestris rDNA by Thol. Also comparable to results 
with the latter enzyme is the presence of the 18S rRNA gene in a single 
restriction fragment (2600 bp). 	2S - coding sequences are, conversely, 
contained in several fragments, each present as several copies. 	These 
results provide evidence for the greater homogeneity of 18S compared 
to 2S sequences (Gerbi, 1976). 
Muitimolar fragment yields and the essentially similar 'low order' 
structures of the B. oleracea and B. ca,mcestriS rDITA units were shown by 
experiments with Rae III. Both the 2S and 1S genes contain several 
copies of some fragments, though it is not known to what extent this 
repetition also applies to the spacer sequences. 
Miassod and Cecohimi (1976) interpreted the results of quantitative 
rRNA/DNA competition hybridization experiments between sycamore 2S and 
18S rRAs as providing evidence for intragenio seuence repetition. 
While this was not shown with Brassica rDNA, the multiolar yields of 
Rae III rDNA fragments may provide a molecular basis for cross hybridization 
of the two cytoplasmic rRNAs. 	It would be of considerable interest 
to know the extent to which 2S and 18S Brassica rR.NAs cross hybridize, 
and whether sequence repetition also occurs in the 2S and 18S genes 
of sycamore, and of flax, where little 2S/18S rRNA cross hybridization 
is observed (. N. Timmis, personal communication). 	Evidence from 
studies on X. laevis spacer DNA of the rRNA and 5S genes suggests that 
these sequences evolved from a 15  bp repeat (Botchan et al., 1977; 
Carroll and Brown, 1976a), but there is no comparable evidence for 
the structural gene sequences. 
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The main findings from the above studies on Brassica rDNA can be 
summarized: 
J) At least a proportion of the B. oleracea and B. campestris rDNA units 
have one Hind. III site/rDNA repeat wilt, giving valuec ir the 
rDNA repeat unit size of 1000 and 9800 bp respectively. 
The rDNA unit of the two Brassica species bears many similarities, 
but divergence of the unit has occurred in both length and sequence. 
The rDNA unit of each species displays sequence heterogeneity and 
rv,J+imo1;u.rreci-rcfion frO1TL1tftf5 . 	The B. camDetris rDNA unit also displays 
a limited length heterogeneity. 
A major difference between the present results and those of 
Friedrich et al. is that the latter workers found no evidence for intra-
specific rDNA unit heterogeneity in five diverse dicotyledon species 
(Table 3). The present study indicates considerable heterogeneity, 
even at the varietal and cultivar levels. The analysis of Friedrich 
et al. was more detailed than the present study, including partial 
and double digests. 	However, it seems unlikely that B. oleracea 
and B. campestris are the only dicotyledon species analyzed which 
display rDNA unit sequence heterogeneity, particularly since the 
apparent lack of heterogeneity extends to Chinese cabbage, a subspecies 
of B. campestris. 	It is, therefore, important to consider the differing 
experimental approaches. The results of the present study were 
obtained with total DNA (and for B. oleracea, also nuclear DNA). 
preparations. 	Friedrich et al. used rDNA purified by preparative 
centrifugation in two successive Actinornycin D/CsC1 gradients (Hemleben 
et al., 1977). 	It is clear that this technique does not completely 
resolve the rDNA of all species from the mainband DNA - the results 
of Hemleben et al. (1977) showed that a significant proportion (Ca. 30P/) 
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of melon rDNA remains within the satellite and mainband DNA regions. 
It cannot, therefore, be ruled out that rDNA purification may 
preferentially select a certain class of rDNA repeat unit, obscuring 
any heterogeneity. Thus conclusions about heterogeneity from the 
results of the present study may differ from those of Friedrich et al. 




4.1. 	Critique of methods 
Feulgen microdensitornetry is a well—established technique for 
measurements of nuclear DNA amounts. In the present study estimates 
of the ploidy levels of nuclei from mature tissues were made on the 
basis of relative C values, and it ws assumed that endopoly -ploidy was 
the only type of nuclear development. This assumption may be 
criticized, since the Feulgen technique cannot distinguish poly-ploidy 
from other types of nuclear development such as polyteny. However, 
poly-ploidy is the most common type of somatic nuclear development, 
and since most results fell within a simple doubling series, the 
assumption is probably a valid one. 
The importance of DNA purity in the quantitative rRMA/DNA 
hybridization technique was mentioned in the introduction. The methods 
used in the present work were designed to give a high purity of both 
DNA and rB1A. 
While the basis of the rRNA/DNA hybridization technique is simple, 
the detailed mechanisms are complex and poorly understood. 
A more rigorous demonstration and comparison of differ2nces in the 
amount of rDNA between young and mature tissues, and between differentiated 
tissues of B. oleracea shown in the present study, would be to carry 
out simultaneous saturation hybridization experiments over a time course, 
using several DNA preparations from each tissue. Melting profiles 
of rRNA/DNA hybrids would provide a check on the fidelity of base 
pairing for all hybrids. 	Such checks are particularly important 
with the relatively small magnitude of differences in rDNA amounts. 
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The use of a heterologous rRNA probe can be justified on the 
basis of extensive sequence homology between the cytoplasmic rRNAs 
of higher plants, as described in the introduction. 	It would never- 
theless be useful to determine the extent of homloT between Brassica 
and artichoke rRNAs by rRNA/DNA hybridization, and by comparing the 
melting profiles and Tm values for homologous and heterologous rRNA/ 
DNA hybrids. 
Several factors complicate the interpretation of results using 
restriction enzymes. The problem of molecular weight determination 
of large restriction fragments (>7000  bp) was described in Materials 
and Methods. A more accurate determination of the rDNA unit size 
in B. oleracea and B. campestris is desirable. This could be achieved 
by fractionation of partial Hind III DNA digests on very dilute 
(<0.7%) agarose gels, to give oligomers of the rDNA repeat unit, and 
by including a larger number of high mol. wt. markers for calibration 
purposes. Errors in alignment of gel photographs with corresponding 
autoradiographs could be minimized by including radioactive RNA 
complementary to total X DNA during rRNA hybridization to Southern 
transfers, thus producing bands corresponding toX DNA restriction 
fragments on the autoradiographs (Cory and Adams, 1977). 
The limitation of incomplete digestion with restriction enzymes 
has already been discussed, and I have stressed that some conclusions 
regarding rDNA organization, particularly those drawn from results with 
EcoRI and Rae III, require further substantiation. In the present 
study, the digestion conditions used for restriction enzyme assays 
with prokaryotic DNA were extrapolated to eukaryotic DNA. The 
correlation normally holds for mammalian DNA (E.M. Southern, personal 
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communication), but may not be valid for plant DNA. Perhaps the 
best approach to this problem would be to include as a routine, the 
prokaryotic DNA in the eukaryotic DNA restriction digest, as was 
done in the latter stages of the present study. 
In the future it would be extremely useful to confirm the 
ordering of rDNA fragments by hybridization of rRNA to both partial 
and double restriction enzyme digests. This would also allow a more 
detailed map to be constructed of the rDNA unit. A determination of 
the size of the putative rRNA transcription unit would give a clearer 
idea of the amount of transcribed relative to nontranscribed spacer 
and would allow more accurate mapping of the transcribed region. 
From studies on animal rDNA (Speirs and Birnsteil, 1974; Philippsen 
et al., 1978; Cory and Adams, 1977) the assumed location of 5.8S rRNA 
in the transcribed spacer region between the 18S and 2S rENA genes 
could be established. 
Restriction enzyme analysis of purified rDNA would allow visual-
ization on stained agarose gels of spacer rDNA fragments with no 
attached gene—coding sequences. Such fragments remained undetected 
by the techniques of the present study. This approach would also 
provide an answer as to whether the purification method gives an 
erroneous picture of rDNA sequence homogeneity. 
4.2. 	Changes in the amount of rDNA in B. oleracea - a model 
The changes observed in amounts of rDNA during 'rowth and development 
in B. oleracea raise several general questions. 	The possible 
functional reasons for the changes have already been discussed. It is 
of interest in the present context to consider the possible mechanisms 
136 
by which such changes could be brought about. 
A chromosomal mechanism of unequal crossing over can, in 
principle, account for changes in rDNA amount, and has been proposed 
to explain rDNA magnification—reduction in Drosophila (Tartof, 1974). 
Unequal crossing at the rRNA locus in Drosophila is supported by the 
results of Frankha.m et al. (1978) who suggest this mechanism is a more 
widespread source of quantitative genetic variation. 	It is feasible 
that the increased amount of rDNA in the meristematic B. oleracea 
tissues ("magnification") compared to the mature tissues ("reduction") 
is accounted for by a similar Lype of mechanism. Preliminary results 
suggested that the decrease in rDNA amount occurs somatically 
(mitotically), but it is not known at what stage the corresponding 
increase occurs, and thus whether a meiotic mechanism is involved. 
I believe that an extrachromosomal 'rolling circle' type of 
mechanism (Fig. 37) is more likely to account for the changes. 
The evidence for the chromosomal location of rRNA genes at the NOR 
was described in the introduction, and genetic evidence has been used 
to support this location, for example in maize (Doerschung, 1976). 
In situ hybridization experiments (Gall and Pardue, 1969) do not rule 
out the possibility that a small number of rRNA genes, while associated 
with the NOR, are not integrated into the chromosome. Using this 
technique, several workers have found evidence in plants and animals 
of rRNA genes in regions of the chromosome complement other than the 
NOR (Pardue et al., 1970; Avanzi et al., 1972; Kano et al., 1976). 
These additional sites may represent extrachromosomal rRNA genes, or 
rRNA genes with the potential to be extrachromosomal. 
FIGURE 37 
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Genetic evidence has shown the presence of unintegrated rRNA 
genes in diploid tissues of certain Drosophila genotypes and in the 
salivary gland polytene tissues of all genotypes analyzed (Zuckowski 
et al., 1976a,b; Zuchowski and Harford, 1977). 	Indeed, recent 
evidence suggests that an extrachromosomal mechanism of rDNA replication 
occurs during polytenization in salivary glands of the same organism 
(Endow and Glover, 1978). 
The best documented example of differential rDNA replication is 
the amplification in X. laevis, described in the introduction. This 
system is known to involve a rolling circle mechanism of rDNA 
replication (Fig. 37) (Hourcad.e et al., 1 973; Rochaix et al., 1974). 
Such a mechanism has been proposed as an alternative explanation to 
unequal crossing over of rDNA magnification in Drosophila, with the 
possibility of subsequent integration of the rDNA into the chromosomes 
by recombination (Ritossa, 1973, 1973). 	Recent evidence suggests 
that an extrachromosomal mechanism rather than an unequal crossing over 
is more consistent with the events associated with rDNA magnification 
(Graziani and La Mantia, 1979). 
The occurrence of circular rDNA molecules in testes cells of bobbed 
male flies (Graziani et al., 1977) lends support to the involvement 
of this type of mechanism. 	A small proportion of rDNA oligomeric 
circles has been seen in nuclear spread preparations of X. laevis 
somatic cell tissue cultures and blood cells (Rochaix and Bird, 197; 
Bird, 1977). 	Available evidence strongly suggests that these 
structures are not contaminants of artefacts of the extraction 
procedure (Bird, 1977). 	Thus the rolling circle mechanism is 
probably of more widespread occurrence and provides a model for 
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differntial replication of rDNA independently of that at the NOR 
locus. 	Control over the extent of a single extrachromosomal 
mechanism of rDNA replication is consistent with the observation that 
different levels in the amount of rDNA were found between stem and 
leaf tissues of marrow stem kale, but both were lower than in the 
young apex - an extrachromosomal mechanism provides a more likely 
explanation than separate, unequal crossing over events during 
differentiation. It would be valuable if a method could be devised 
to detect circular rDNA molecules in plant nuclei. If the above 
model is correct, such structures should be present in meristematic 
nuclei of young B. oleracea varieties, except those such as brussels 
sprout, where no developmental differences were found in the amount 
of rDNA. 
The techniques used in the present study may obscure much larger 
changes in rDNA amount in smaller cell populations. In situ hybridization 
experiments have shown that rRNA genes are amplified in differentiating 
metaxylem cells of onion roots (Avanzi et al., 1973). 	These cells 
comprise only a very small proportion (0.1-0.21o) of the total cell 
population; while the apparent amplification measured by quantitative 
rRNA/DNA hybridization was 4.5 - 6—fold, the actual amplification per 
metaxylem cell was estimated as 112-3000—fold. Again, an extra—
chromosomal amplification mechanism would seem to provide the only 
feasible explanation. There is no .a priori reason to believe that 
the rDNA changes in B. oleracea are confined to a specific cell 
population, but the above possibility should not be ignored. 
It has been assumed until recently that the genome is constant 
and that changes in gene expression associated with growth and 
development are controlled wholly at the transcriptional and/or post 
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transcriptional levels. 	This conclusion is based on 'gene titration' 
experiments, which have indicated that any one protein-coding gene 
is present as one or at most a few copies per genme. 	This is so 
even in cell types where the protein that the gene specifies makes 
up a large proportion of the total protein synthesized (Suzuki et al., 
1972). Recent work emphasizes the need for reappraisal of this 
conclusion. For example, the existence of an unstable, 200-fold 
selective multiplication of dihydrofolate reductase gene has been 
shown in a line of methotrexate-resistance cultured murine sarcoma 
cells, and a stable, 35-fold increase in similarly resistant murine 
lymphoma cells (Alt et al., 1977). The relative number of genes was 
proportional to the cellular level of both the mRNA sequences coding 
for the enzyme, and the enzyme itself. The mechanism involved in 
this selective multiplication is not known, but recent evidence using 
selected, methotrexate-resistant Chinese hamster ovary cell lines has 
shown that the amplified genes are specifically localized to an 
expanded, 'homogeneously staining region' of a specific chromosome. 
The region is absent from sensitive cells, suggesting involvement 
of a chromosomal mechanism (Nunberg et al., 1978). 	A chromosomal 
mechanism, probably involving translocation, may account for the ten-
fold increase in rRNA gene number found in a subline of cultured rat 
hepatoma cells (Miller et al., 1978) which was localized to 
'differentially-staining regions' of four chromosomes. 
The nuclear DNA changes associated with induction of flax 
genotrophs, as described in the introduction, must involve, in addition 
to rDNA, sequences of unknown function. 	Some of these sequences 	may 
be protein-coding genes, and sequences involved in control of gene 
expression. 
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Amplification of intermediate repetitive sequences has been 
shown to occur in chick stage 24 limb bud mesenchymal cells, which 
have differentiated to produce cartilage (Strom and Dorfman, 1976), 
and evidence suggests that the amplification is necessary for 
differentiation. 	A similar amplification has also been shown in 
organ cultures of differentiating chick neural retina, and it appears 
that in both cartilage cell and neural retina cell DNA, part of the 
amplified sequences are tissue—specific (Strom et al., 1 978 ). 
An important consideration is that the multiplication of dihydro-
folate reductase genes of murine cell lines and rRNA genes of flax 
are both the outcome of intensive, artificial selection pressures. 
However, the question as to whether such changes 'normally' occur 
is, in a sense irrelevant, since it is the capacity for change which 
is the important concept. The several disparate lines of evidence 
show that the eukaryotic genome possesses such a capacity. 
4,3. 	Evolution of repetitive DNA sequences 
Restriction of Brassica DNA with Hind III showed the presence 
of a simple repetitive DNA sequence in the Brassica genome. It is 
worth considering how such sequences may evolve and the broader 
implications of these results. 	Two basic mechanisms have been 
proposed to account for the evolution of repetitive DNA. The 
first envisages a combination of two major processes; a rapid saltatory 
replication of one or several DNA tracts occurs to give an arithmetic 
series of tandem repeats, with subsequent slow divergence of the 
basic sequence by mutation (Britten and Kohne, 1968; Walker, 1971; 
Southern, 1970). 	A varying combination of these two processes can, 
in theory, account for the evolution of the highly conserved Drosophila 
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satellites (Gall and Atherton, 1974; Peacock et al., 1977; 
Brutlag et al., 1977) as well as that Df the highly diverged 
guinea zig satellite I (Southern, 1970; Altenburger et al., 1977). 
The mechanism proposed by Smith (1973, 1976, 1978) (Fig. 38) 
occurs in the absence of amplification or natural selection. 
Random, unequal crossing over of sister chromatids or homologous 
chromosomes results in formation of tandem duplicatiors and deletions, 
certain of which eventually infiltrate and persist in the population 
by the process of genetic drift ('cross over fixation'). 	Establish- 
ment of two or more tandem repeats facilitates subsequent unequal 
crossing over, which can expand and contract the tandem array 
(Fig. 38). 	Once a DNA sequence has become highly repetitive, unequal 
crossing over tends to maintain the homogeneity of the repeats in a 
tandem ar:ay and leads to a 'genetic drift' of mutations, most of 
which are eliminated by the 'accumulation' of deletions. 	Occasionally, 
a mutation spreads throughout the array by concomitant accumulation 
of mutations, and becomes fixed. 	This process of 'cross over fixation' 
can also allow the evolution of higher order periodicities (as 
observed in the present work), and of nonintegral changes in the 
repeat length. 
Both mechanisms are only models, with little direct support. 
The evolution of EcoRli sites in mouse satellite was proposed by 
Southern (197a) to have arisen mainly as a result of the first 
mechanism, the 3°/b sequence divergence resulting from random mutations 
(Southern, 1970; Altenburger et al., 1977). 	Fragment sizes intermediate 
in length, 1-i-, 1 mers etc. could then be accounted for by a limited 
amount of unequal cros:- ing over. 	Such a mechanism might explain the 
FIGURE 38 
Smith's unequal crossing over model for generation and 
maintenance of tandemly—repeated sequences (e.g. satellite 
DNA, rDNA) 
Crossing over is the breakage of two homologous DNA molecules 
at corresponding points and the crossways reunion of the broken ends, 
producing recombinant molecules. 	In equal crossing over, the alignment 
of DNA molecules is maintained. 
In 'illegitimate' unequal crossing over the molscules are 
misaligned, resulting in a lengthened recombinant molecule carrying 
a tandem duplication of a sequence equal in length to the misalignment 
distance, and a shortened recombinant molecule carrying a deletion of 
the same sequence. In this figure breakage/reunion are represented 
as a single stem, X's marking where this occurs. 	Vertical lines 
indicate the ends of the tandem duplications of the DNA sequence 
in the lengthened recombinant and the position of the deletion in the 
shortened recombinant. 
'Legitimate' unequal crossing over occurs in repetitive DNA 
when the misalignment distance equals an integral number of repeats 
(two in the example). 	The sequence which is tandemly duplicated in the 
lengthened recombinant and deleted in the shortened recombinant consists 
of a block of adjacent repeats; 'legitimate' unequal crossing over 
therefore results in expansion and contaction of the tandem array. 
At the point of crossing over (x) there is extensive sequence homology 
of the DNA sequences. 	There is no .a priori reason to assume that the 
crossing over point would coincide with the ends of tandem repeats 
(indicated by vertical lines). 
PIG. 38 








'LEGITIMATE' UNEQUAL CROSSING OVER 
misalignment 










tains homogeneity of repeats 
in the tandem array. The 
repeats having been established 
by the process of genetic drift 
of recombinant molecules in 
mechanism A. 
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evolution of melon satellite I DNA, with its similar random distribution 
of cleavage sites, Ylo sequence divergence and small amounts of 
1-mer and 1T3-mer fragments. 
The apparently more complex distribution pattern of the Brassica 
Hind III sites might be analogous to the distribution of EcoRI and 
Bsu sites in the °< -satellite of African green monkey cells (Fittler, 
1977), of Bsu sites in guinea pig satellite III (Altenburger et al., 
1977), and of EcoRI and Bsu sites in mouse satellite (Hrz and Zachau, 
1977). 	It might then be tentatively concluded that different 
mechanisms have given rise to the 'Hind III repetitive sequence' in 
melon and the Brassica species. 
Detailed, studies on the periodicities of satellite DNA restriction 
sites suggest that the evolutionary mechanisms giving rise to these 
sequences are more complex than those described above. To account for 
heterogeneity of restriction site distribution, mechanisms giving rise 
to different degrees of divergence within the same satellite must be 
envisaged. Hrz and Zachau (1977) proposed that saltatory amplification 
steps continue in the evolution of mouse satellite DNA, but are 
confined to certain regions of the satellite. An additional 
randomization process allows mixing of repeat units with and without 
sites for these restriction enzymes which cleave only discrete parts 
of the satellite. 
The Hind III monomer size of the melon satellite and Brassica 
repetitive sequence, 360 and 180 bp respectively, are found in several 
animal satellites restricted with various enzymes. 	Examples are the 
African green monkey-satellite (172-176 bp) (Fittler, 1977; 
Rosenberg et al., 1978), the satellites of several Apodemus species 
(180, 370  bp and multiples thereof) (Cooke, 197) and of a repetitive 
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sequence in man (342 bp) (Manuelidis and Wu, 1978). 	Maio et al. (1977) 
showed that mouse satellite DNA has a 176 bp sequence periodicity in 
addition to that of 240 bp (Southern, 197Q . Analysis of sheep 
satellite I, human A and B satellites, rat repetitive DNA and calf 
satellite I with various restriction enzymes, showed that all these 
DNAs share a common 176 bp periodicity, obscured in some cases by 
monomer divergence. 
The major implication of the above results is the sharing of a 
basic repeat length, which corresponds to that of nucleosomes in 
constitutive heterochromatin. 	Musich et al. (1977) showed that 
in African green monkey and calf nuclei there is a phase relationship 
between the periodicity of restriction enzyme sites and those for 
micrococcal deoxyribonuclease. 	The evolution of the nucleosome 
structure may therefore control the evolution of highly repetitive 
DNA, and account for the striking size conservation of the highly 
repetitive DNA monomer size in very diverse eukaryotes. It would 
therefore be of considerable interest to determine whether a similar 
phase relation exists in Brassica. 
The earlier described mechanisms of highly repetitive DNA 
evolution assume that 'positive' selection pressures are inoperative, 
but it seems likely that natural selection may be of major importance 
in the evolution of these sequences (Streeck and Zachau, 1978). 
The eukaryotic rDNA unit 
The results from the present studies on Brassica rDNA structure 
reinforce the evidence that the size of the rDNA unit is conserved in 
higher plants. Since the majority of size variation in the eukaryotic 
rDNA unit results from differences in the amount of nontranscribed spacer 
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(compare data in Table 2 with Table 3), this amount must be relatively 
reduced in higher plants compared to, for example, the mammalian rDNA 
unit. 
Studies on the A+T—rich nontranscribed spacer of X. laevis rDNA 
described in the introduction, suggest the derivation of the nontranscribed 
spacer sequences from an ancestral 15  bp repeat (Botcham et al., 1977) 
and the length variation, as in the nontranscribed spacer of the 5S 
gene, (Brownlee et al., 1974; Carroll and Brown, 1976a) resides in 
integral multiples of this repeat (Wellauer et al., 1976; Botcham 
et al., 1977). 	The internal repetition in the nontrensoribed spacer 
has been invoked as promoting unequal crossing over, a mechanism 
implicated in the evolution of tandemly repeated sequences, as 
previously described (Smith, 1973, 1976, 1978). 	This mechanism could 
explain the wide variation in amount of nontranscribed spacer in the 
eukaryotic rDNA unit, the amount in a particular organism being a 
consequence of the original recombination events that gave rise to the 
evolution of multiple copies of the rRNA genes. If such an explanation 
is correct, then there must be constraints over the 'register' of the 
recombination events in higher plants to account for the general size 
conservation of the rDNA unit. The 2/28S and 18s genes within the 
eukaryotic rDNA unit have, conversely, been conserved by natural 
selection, due to the essential role of rRNA in ribosome structure. 
Thus different regions of the rDNA unit are under separate evolutionary 
constraints as suggested from earlier studies (Brown et al., 1972), 
but unequal crossing over is reponsible for maintaining the relative 
homogeneity of tandem repeats. 
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There is no information available on the structure of nontranscribed 
rDNA in higher plants, though indirect evidence has suggested that 
in contrast to X. laevis its base composition is similar to that of 
the transcribed region (Scott and Ingle, 1973). 	The nontranscribed 
spacer of Physarum rDNA has a similar base composition to the rRNA 
genes (Steer et al., 1978). 	These results indirectly support the 
above role of nontranscribed spacer in promotion of unequal crossing 
over, since the base composition of this sequence should be of no 
direct functional significance apart from the presumed RNA polymerase 
binding/termination sites. 
An alternative mechanism to account for the relative homogeneity 
of repeat units such as rDNA within an organism is provided by the 
'master-slave' model of Callan (1967). 	In order to prevent the 
accumulation of mutations in a tandem array, corrections occur every 
generation to conform to a master DNA copy. Such a mechanism is 
ruled out as a result of work which showed that adjacent 5S DNA 
repeating units and chromosomal rDNA units of X. laevis can display 
length heterogeneity (Carroll and Bro'4r1, 197 6b; Wellauer et al., 1976b). 
What must not be overlooked when considering nontranscribed 
spacer function is a possible structural role in maintaining and 
changing the conformation of the rENA genes in chromatin. At a 
structural level, regulation of transcriptional activity in eukaryotes 
depends at least in part on the conformation of the nucleosome subunit 
into which structure most of the eukaryotic genome is organised 
(Kornberg, 1977). 	Extended conformations correlate with 'active genes' 
(Foe, 1977; C-arel and Axel, 1977; Garl et al., 1977; Scheer, 
1978), though regulation of activity involves more subtle modulations 
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(Reeves, 1976, 1978; Garel et al., 1977). 	It therefore follows 
that since eukaryotic rIDNA is organized into the characteristic 
chromatin structure (Higashinakagawa et al., 1977; Grainger and 
Ogle, 1978; Reeves, 1978), the nontranscribed spacer may be 
involved in the conformational changes associated with rRNA gene 
activation (Foe, 1977; Reeves, 1978). 
The significance of sequence heterogeneity in the rDNA unit, 
as shown in B. oleracea, B. campestris and several other eukaryotes 
is not known, nor without direct sequencing of the different cloned 
classes of rDNA unit, or analysis with a wider range of restriction 
enzymes can the exent of this heterogeneity be predicted. Available 
genetic evidence to date suggests that point mutations in gene spacers 
do not prevent expression of the genes Ohuriaux, 1977); studies on 
X. laevis 5S rDNA have shown that point mutations occur in both 
transcribed and nontranscribed. sequences (Miller and Brownlee, 1978) - 
this may also be the case in the Brassica rDNA unit as revealed by 
restriction with EcoRI. 
The question arises as to whether the different classes of rDNA 
repeat unit revealed by XhoI, Hind III and EcoRI display different 
transcriptional activities. 
An approach which would be adopted to answer this question is 
to take advantage of the differential susceptibility of active and 
inactive genes to DNAase I. Weintraub and Groudine (1976) showed 
that active chicken globin genes are selectively digested by DNAase I, 
and this has subsequently been shown for the ovalbumin genes (Garel 
and Axel, 1976). 
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Since the chromatin structure of higher plants is similar to 
that of animals (McGhee and Engel, 197), it should be possible to 
digest plant chromatin with DNAase I, extract the DNA and perform 
rRNA/DNA hybridization experiments with Southern transfers of DNA 
restriction fragments, similar to those described in this thesis. 
If the rDNA fragment patterns are similar to those representing 
total rDNA, it can be assumed that no class of rDNA is preferentially 
transcribed, but loss of bands corresponding to a particular class 
of rDNA unit would indicate the opposite situation. 	It is not 
clear whether this technique would be sufficiently sensitive to be 
used quantitatively. A further refinement to this approach would 
be to use chromatin from isolated nucleoli (Lin et al., 197). 	The 
resulting enrichment for rDNA would also give information about 
nontranscribed spacer sequences. 
It would be useful to determine whether the rRNA gene complement 
of both progenitor species is expressed in B. napus. 	Suppression of 
nucleolus formation has been observed in interspecific hybrids. 
When X. laevis was crossed with X. mullen, only the X. laevis 
nucleolus was retained and the X. laevis rRNA genes expressed (Honjo 
and Reeder, 1973; Cassidy and Blackler, 1974). 	Recent work has 
shown that in mouse/Syrian hamster cell hybrids, transcription and 
processing of rRNA from genes of both species can occur within a hybrid 
cell (Miller et al., 1978b). 	A similar approach to that described 
earlier using DNAase I could be applied to B. napus. 	If both gene 
complements are active in the amphidiploid, digestion of each type of 
rDNA unit will occur in nucleolar chromatin. Another method would 
be application of the spreading technique (Miller and Beatty, 1969) to 
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isolated nucleolar chromatin. This would allow rRNA gene transcription 
to be visualized, and the difference in size between the rDNA units 
of the B. napus progenitor species, detectable by this method, would 
enable transcription of 'B. oleraoea' and 'B. campestrist rRNA genes 
to be distinguished. 
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